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ABSTRACT 
Five mafic lava flows located on the southern flank of Mount Baker are among the 
most primitive in the volcanic field.  A comprehensive whole rock and mineral chemistry 
dataset (including major, trace, REE and isotopic abundances as well as petrography and 
mineral chemistry) reveals the diversity between these mafic lavas, which come from distinct 
sources and have been variably affected by ascent through the crust.     
Disequilibrium textures present in all of the lavas indicate that crustal processes have 
affected the magmas.  Despite this evidence, mantle source characteristics have been 
retained, demonstrated by a lack of variation in the most highly incompatible elements, 
insignificant addition of crustal material, lack of an obvious crustal radiogenic source, and 
minimal chemical differences between lavas that are the result of mixing and their mafic 
endmembers.   
In evaluating mantle sources, four endmember lava types are represented.  These 
include modified low-K tholeiitic basalt (LKOT-like), typical calc-alkaline (CA) lavas, high-
Mg basaltic andesite (HMBA), and a second but distinct basaltic andesite.  The first type, the 
basalt of Park Butte (49.3-50.3 wt.% SiO2, Mg# 64-65), is classified as low-K, and has major 
element chemistry similar to LKOT found elsewhere in the Cascades.  Park Butte also has 
the lowest overall abundances of trace elements (with the exception of the HREE), indicating 
it is either derived from the most depleted mantle source or has undergone the largest degree 
of partial melting.  A second lava type is represented by the basalts of Lake Shannon (50.7-
52.6 wt.% SiO2, Mg# 58-62) and Sulphur Creek (51.2-54.6 wt.% SiO2, Mg# 56-57).  These 
two lavas are comparable to calc-alkaline rocks found in arcs worldwide, and have similar 
trace element patterns; however, they differ in abundances of REE, indicating variation in 
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degree of partial melting or fractionation.  The third lava type is represented by the basaltic 
andesite of Tarn Plateau (51.8-54.0 wt.% SiO2, Mg# 68-70), which has characteristics similar 
to high-Mg andesite worldwide.  The second basaltic andesite unit, Cathedral Crag (52.2-
52.6 wt.% SiO2, Mg# 55-58), can be distinguished from the HMBA endmember because it 
has much lower MgO, Mg#, Ni and Cr, and is the least primitive of all the lavas in this study.   
The strongly depleted HREE nature of both basaltic andesite units suggests fractionation 
from a high-Mg basaltic parent (to a greater extent in the less primitive Cathedral Crag lavas) 
derived from a source with residual garnet is responsible for their generation.   
Assessment of the relative enrichment of a slab component in the lavas reveals that 
the calc-alkaline units are least enriched, the HMBA and basaltic andesite are intermediate, 
and the LKOT-like unit is most enriched in slab fluids.  Petrogenetic indicators point to 
sediment as the primary slab fluid contributor, with a small role for altered oceanic crust 
fluids in the LKOT-like unit.  Modeled fluid compositions support this assertion.   
Melt modeling indicates the LKOT-like and calc-alkaline lavas were generated by 
partial melting of a depleted spinel harzburgite, while the results for modeling HMBA and 
basaltic andesite units suggest a depleted garnet harzburgite source.  Differences in 
primitiveness (i.e. MgO, Ni and Cr content) among the units are the result of differences in 
depth and degree of fractionation in the crust.  A summary model is presented where 1) 
varying degrees of a primarily sediment-derived slab component infiltrate the mantle wedge; 
2) slab flux assists in melting two distinct mantle sources; 3) melting occurs at various 
fractions, and the resulting melts stall at different levels in the crust; and 4) differentiation at 
a range of pressures to different degrees produces mafic magmas with diverse chemistry.     
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INTRODUCTION 
Primitive basalts in volcanic arc settings can provide valuable information about 
mantle sources of magma, depths of magma generation, and the amount of crustal 
contamination that influences magma petrogenesis.  As the least fractionated member in a 
suite of arc volcanics, primitive magmas allow us to characterize the magmatic flux from the 
mantle to the crust in magmatic arcs.  The importance of studying magmatic flux from the 
mantle through the crust has been emphasized by the geologic community through the NSF 
funded MARGINS Program Subduction Factory Initiative (e.g., Hirschmann et al. 2000).  By 
examining the mass balance of components that are input and output from subduction zones, 
geologists can determine both how magma is generated in these settings, and how this 
balance affects the growth and evolution of continental crust (Hirschmann et al. 2000).  
Many workers have used basalts to probe the mantle input into magmatic arcs throughout the 
world (e.g., Hildreth and Moorbath, 1988; Sisson and Bronto, 1998; Class et al. 2000; 
Walker et al. 2003).       
 Magmas can be generated in the mantle wedge beneath arcs by a variety of means.  
Possible contributing sources include primitive mantle, depleted mantle, previously 
metasomatized mantle, fluids dehydrated from the slab, and partial melts of sediment from 
the slab.  These components can combine in various ways to become the magmatic net input 
into the volcanic arc.  As the magma travels through the continental crust, it differentiates by 
various processes, becoming generally more felsic than the input.   
In the Cascade arc (Figure 1), a significant variation has been detected in eruptive 
products along strike of the arc by previous workers (e.g., Guffanti and Weaver, 1988; Bacon 
et al. 1997; Hildreth, 2007; Schmidt et al. 2008).   For instance, large volumes of basalt have 
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erupted in the southern High Cascades (Conrey et al. 1997), but the volume dramatically 
decreases as the arc progresses northward (Figure 1) into the Garibaldi Belt (Green and 
Harry, 1999).  Research focused on mafic magmas in the Cascades can thus provide 
information about the mantle sources and crustal influence on magma generation as they 
change along strike of the arc.   
There have been several studies of primitive magmas in the Cascade arc, but these 
have been concentrated in the middle and southern Cascades (e.g., Bacon et al. 1997; Borg et 
al. 1997; 2000; Conrey et al. 1997; Reiners et al. 2000; Elkins-Tanton et al. 2001; Grove et 
al. 2002; Strong and Wolff, 2003; Leeman et al. 1990; 2005; Smith and Leeman, 2005).  
Most noteworthy are those studies by Leeman et al. (1990) and Bacon et al. (1997).  These 
workers used trace and rare earth element (REE) patterns as well as isotopic compositions to 
distinguish three end-member types of primitive magma, which they interpreted to represent 
three different mantle sources for the Cascade arc.  These three magma types consist of dry, 
decompression-related low potassium olivine tholeiites (LKOT, called high alumina olivine 
tholeiites, or HAOT, by Bacon et al. 1997 and Grove et al. 2002), which are similar to mid-
ocean ridge basalts (MORB), alkalic ocean island type basalts (OIB), and hydrous, calc-
alkaline basalts (CAB).    
In the northern Cascade arc, known as the Garibaldi Belt (Figure 1), analyses of 
primitive magmas are limited.  Along-strike studies have established that the slab age, depth 
of fluid loss, and degree of partial melting in the mantle wedge all decrease northward into 
the Garibaldi Belt, generating basalts of varied compositions (Green and Harry, 1999; Green 
and Sinha, 2005; Green, 2006).  In these studies, compositions range from calc-alkaline 
basalts typical of arc magmas in the southern part of the Garibaldi Belt, to alkalic basalts in 
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the north.  Green and Sinha (2005) also determined that the component responsible for the 
slab signature in the calc-alkaline basalts is from fluid input, not from partial melting of 
sediment.  The only study in the Garibaldi Belt that focused on petrogenesis of basalts from 
one volcanic center was conducted at Glacier Peak (Taylor, 2001), and these data show that 
there are multiple mantle sources for the basalts, including LKOT and calc-alkaline end-
members (e.g., DeBari et al. 2005). 
Mount Baker is an active volcano in the Garibaldi Belt of the Cascades arc in 
northern Washington (Figure 1).  The composition of the Mount Baker volcanic field is 
largely andesitic, with basalt comprising only ~1% of the total eruptive components (Hildreth 
et al. 2003).  Although the basalts represent a very small volume of the flows at Mount 
Baker, their presence makes the volcanic field useful for study of magmatic flux from the 
mantle through the crust.  This study presents the first detailed petrologic and geochemical 
analysis of the most mafic lavas at Mount Baker.  Analyses presented include data from 
petrographic examination, whole rock chemistry (major elements, trace elements and 
isotopes), and mineral chemistry. 
The main objective of this study is to analyze the petrologic and geochemical 
signature of the mafic lavas of the Mount Baker volcanic field, which will allow for 
characterization of the mantle source of magma and determination of how the crust 
influences their generation.  The overall goal of this research is to determine the primary 
components responsible for generating magmas at Mount Baker.  This is important for two 
reasons: first, a better understanding of how magma generation and evolution processes 
varies along-strike of the Cascade arc can be achieved if mafic lavas at all volcanic centers 
within the arc are studied in such detail, and second, a framework can be established for 
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understanding how Mount Baker’s most voluminous magma type, andesite, is generated.  
This study will focus on the generation of Mount Baker’s most primitive magmas by 
analyzing the processes at work in both the mantle and the crust.   
There has yet to be a study wholly focused on the petrology and geochemistry of 
mafic magmas at Mount Baker.  Textural analysis and major element chemistry of the 
Holocene age Sulphur Creek unit on Mount Baker allowed Green (1988) to determine that 
the lava was a product of mixing and quenching of basalt within basaltic andesite.  A recent 
comprehensive geochronological study documented a complete eruptive history of the lava 
flows at Mount Baker (Hildreth et al. 2003).  Major element data for all of the flows was 
presented but not analyzed.  MgO content for the most mafic flows from the Hildreth et al. 
study ranges from about 4.0% to 8.4%, indicative of potentially primitive magmas (Mg# 
greater than 60, where Mg# = 100*[Mg/(Mg+FeT)]).  
 
TECTONIC AND GEOLOGIC SETTING 
The Cascades volcanic arc extends from northern California to southern British 
Columbia along the west coast of North America.  The southernmost volcanic centers begin 
at Lassen Peak, and extend northward through Mount Meager in Canada (Figure 1).  Arc 
volcanism is generated by the slightly oblique subduction of the young and hot Juan de Fuca 
Plate under the North American Plate at about 45 mm/yr (Riddihough, 1984).   The dip of the 
subducting slab beneath Washington and northern Oregon is estimated to be about 20º 
(McCrory et al. 2004).  Along-strike variations in magmatism and structure are the basis for a 
subdivision of the arc into five major segments (Guffanti and Weaver, 1988; Schmidt et al. 
2008).  The northernmost segment is the Garibaldi Belt, which is separated from the rest of 
5 
 
the Cascades by a 90 km wide volcanic gap.  This segment is distinct because a structural 
change in Juan de Fuca plate off the coast of central Washington causes the overall trend of 
the arc to change from N-S to NW-SE.  A marked decrease in mafic volcanism occurs 
northward along the arc, resulting in few isolated mafic centers in the Garibaldi Belt (Figure 
1).    
Mount Baker is the northernmost volcano of the Cascades arc in the United States, 
and is situated between Glacier Peak to the south and Mount Garibaldi to the north.  It is one 
of only two U.S. volcanoes located within the Garibaldi Belt (Figure 1).  This primarily 
andesitic stratovolcano is part of a volcanic field that has been active since about 1.3 Ma, 
with the most recent magmatic eruption occurring at 6.5 ka (Hildreth et al. 2003).  It lies 
approximately 350 km east of the trench and has an elevation of 3286 m.  Slab dip steepens 
from 8º beneath the edge of the continental shelf to about 15º below nearby Vancouver Island 
(Hyndman et al. 1990).  Seismic studies have revealed that the top of the slab lies at depths of 
~80-90 km beneath Mount Baker (McCrory et al. 2004).  Beneath the volcanic center, the 
crust is approximately 40-45 km thick (Mooney and Weaver, 1989), and the basement is 
largely composed of Paleozoic and Mesozoic rocks.  The eruptions in the volcanic field have 
largely taken place through the metamorphosed Nooksack Group and Chilliwack Group, 
which are primarily composed of alternating volcanics and sedimentary rocks that were 
generated in an oceanic setting (Tabor, 1994; Tabor et al. 2003). 
Although Mount Baker is an andesitic volcano, about 1% of the eruptive components 
in the volcanic field are basaltic (Hildreth et al. 2003).  Sources of mafic volcanism at Mount 
Baker are primarily monogenetic outlier vents and cinder cones, and are generally restricted 
to the southern flank of the volcano.  This study will focus on the five units identified as most 
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mafic at Mount Baker, based on the major element data and mapping by Hildreth et al. 
(2003).  These units include the basalt of Park Butte, the basaltic andesite of Cathedral Crag, 
the basaltic andesite of Tarn Plateau, the basalt of Lake Shannon, and the basalt of Sulphur 
Creek (Figure 2).  These flows range in age from Middle Pleistocene to Holocene (Hildreth 
et al. 2003).  An overview of each is presented below, organized by measured age of the 
deposits.    
The basalt of Park Butte is a flow remnant, from an unknown vent, that crops out 
about 400 m east of the Park Butte Lookout.  It is located 7.5 km southwest of Grant Peak, 
the true summit of Mount Baker (Figures 2, 3).  The remains of these lavas are approximately 
30 m thick, defined by a thin, red layer of flow breccia that crops out at the base of the unit in 
some areas.  The majority of the remnant is talus, but some basalt columns can be found in 
place overlain by till.  The columns are weathered to a characteristic buff color, but internally 
reveal a coarse, intergranular texture.  The lavas contain abundant olivine and plagioclase 
(Table 1).  In some boulders near the base of the talus, mingling between this and another 
mafic, more oxidized and highly vesicular lava occurs (although there is no variation in 
whole rock chemistry between the two magmas).  The flow yields a K-Ar age of 716 ± 45 ka 
(Hildreth et al. 2003).  Compositions of samples analyzed in this study are entirely basaltic, 
ranging from 49.3 to 50.3 wt. % SiO2, and 7.9 to 8.4 wt. % MgO (Table 2).  
Less than 0.5 km to the north and slightly east of the Park Butte unit lies the glacially 
eroded basaltic andesite of Cathedral Crag.  No vent has been located, and it is unclear if this 
unit contains multiple flows (Hildreth et al. 2003).  The Cathedral Crag flow unit crops out in 
a large knob that reaches about 300 m in length, and contains both prismatic vertical and 
irregular horizontal columns.  Plagioclase, clinopyroxene, and olivine are abundant in these 
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lavas (Table 1), and many samples also contain large (4-22 mm) felsic xenoliths with 
surrounding reaction rims.  Samples have been dated at 331 ± 18 ka (K-Ar, from Hildreth et 
al. 2003).  All the samples of the Cathedral Crag unit in this study are basaltic andesite (52.1 
to 52.9 wt. % SiO2 and 3.8 to 8.3 wt. % MgO, see Table 2). 
The basaltic andesite of Tarn Plateau is a mesa-shaped unit that nearly banks against 
the eastern portion of the Park Butte lavas.  It rises approximately 150 m above the floor of 
the valley that separates it from Cathedral Crag.  As with the Park Butte and Cathedral Crag 
units, the location of the source vent for this flow unit is uncertain.  Tarn Plateau crops out in 
a nearly square fashion, and is about 0.5 km wide.  Irregular columnar joints are visible in 
cross section from across the valley, but the flat top has been glacially scoured and fractured.  
Samples are rich in clinopyroxene, plagioclase and olivine (Table 1).  The unit has been 
dated at 203 ± 25 ka (K-Ar, from Hildreth et al. 2003).  This flow remnant is predominantly 
composed of basaltic andesite (51.8 to 54.0 wt. % SiO2 and 7.0 to 7.9 wt. % MgO in this 
study, see Table 2)  
The southernmost and farthest outlying mafic unit in this study is the Lake Shannon 
basalt, located 1 km west of Lake Shannon, and more than 15 km southeast of the summit of 
Mount Baker.  The most prominent feature of this flow unit is a conical knob that rises about 
400 m above Baker Lake Road.  There are a total of three small remaining mounds of the 
lava that are covered with forest, logging debris, and thick vegetation.  The eruption may 
have been englacial (not entirely subglacial, Hildreth et al. 2003), as the majority of the 
outcrop is composed of hyaloclastite tuff (~100 m thick).  Where they occur, lavas are 
vesicular and contain abundant plagioclase with lesser olivine (Table 1).  K-Ar dating by 
Hildreth et al. (2003) yielded an age of 94 ± 21 ka.  Samples analyzed for this study are 
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categorized as both basalt and basaltic andesite (50.7 to 52.6 wt. % SiO2 and 5.3 to 6.4 wt. % 
MgO, see Table 2). 
The Sulphur Creek basalt and basaltic andesite is a compositionally zoned flow unit 
that erupted from a cinder cone in Schreibers Meadow, ~8 km south of the main edifice.  
Although lavas proximal and medial to the cone are basaltic andesite, the most distal portions 
(those that form a lava fan near Baker Lake) are generally basaltic (Green, 1988; Hildreth et 
al. 2003; Tucker and Scott, 2009; Baggerman and DeBari, in press).  The distal area of the 
unit containing the most mafic compositions was targeted for this study.  Outcrops in this 
area are limited to road cuts, stream channels, and lakeside cliffs, as the area is densely 
forested and vegetated.  Exposures are typically massive or blocky, but sometimes irregularly 
jointed.  It is hypothesized that portions of this distal part of the unit infiltrated Glacial Lake 
Baker (Tucker and Scott, 2009), and as such textures range from vesicular to quenched (at 
sublacustrine sites).  The basalts are rich in plagioclase and olivine, while the basaltic 
andesite also contains abundant clinopyroxene (Table 1).  The underlying basaltic scoria 
gives 14C ages from 8750 ± 50 to 8850 ± 50 years BP (Tucker et al. 2007; radiocarbon 
calibrated to 9.8 ka by Scott et al. 2001).  Samples collected from this flow unit are primarily 
basalt, but some compositions are basaltic andesite (51.2 to 54.6 wt. % SiO2 and 5.0 to 5.5 
wt. % MgO, see Table 2).     
 
ANALYTICAL METHODS 
 A total of 38 samples (Figure 3) were collected from the 5 flow units described 
above.  Samples were collected directly from lava flows, and sample locations were chosen 
based on adequate spatial representation (6-10 samples per unit).  Because previous studies 
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have established that compositions of the Sulphur Creek lavas range from basalt to basaltic 
andesite, sample collection for this unit was limited to the area nearest Baker Lake (see 
Figure 3), as published whole rock data indicates this area contains the most mafic 
compositions (Green, 1988; Hildreth et al. 2003; Tucker and Scott, 2009; Baggerman and 
DeBari, in press).  Visible weathering or alteration in outcrop was avoided to ensure reliable 
compositional data. 
Samples were prepared for whole rock analysis at Western Washington University 
(WWU).  Large field samples were shattered by hand, and each fragment was selected based 
on a minimum of alteration or contamination by hammer blows.  At least 50 g of these select 
fragments from each sample were crushed by tungsten carbide plates in a Sepor Chipmunk 
Jaw Crusher.  The resulting chips were used to prepare powders and beads for XRF and ICP-
MS analyses at Washington State University.   
 
Whole Rock Analysis 
 Major element oxides and 6 trace elements (Ni, Cr, V, Ga, Cu, and Zn) were analyzed 
for 32 samples by X-ray fluorescence (XRF) analysis at the Washington State University 
(WSU) GeoAnalytical Laboratory.  Rock powders were prepared at WWU by grinding select 
rock chips in a tungsten carbide SPEX Shatterbox grinding mill, following the method of 
Johnson et al. (1999).  Powders were fused into beads using a 2:1 mix of dry dilithium 
tetraborate flux to dry rock powder, in a 1000ºC furnace for 10 minutes.  Beads were then re-
ground and re-fused by the above method to ensure homogeneity of each sample.  The 
resulting beads were sent to WSU and analyzed using a ThermoARL Advant'XP+ sequential 
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XRF spectrometer. A thorough description of sample preparation as well as analytical 
procedure, accuracy, and precision are detailed by Johnson et al. (1999).   
For XRF analysis, the GeoAnalytical Lab at WSU estimates accuracy by comparing 
the known values of nine USGS standard samples with compositions determined by 
preparation and analysis at WSU for each of these USGS standard samples.  For all major 
elements except Na, the difference between the known values and WSU results are less than 
the difference expected between two random samples selected from the same rock unit.  
Maximum measured differences (in weight percent) between known values and WSU results 
for major elements are as follows: <0.60% for SiO2 and FeO; <0.40% MgO, ≤0.20% for 
Al2O3, and Na2O; <0.10% for TiO2, CaO, K2O and P2O5; and <0.01% for MnO.  For trace 
elements, the values obtained by XRF for Ni, Cr, and V can be considered only semi-
quantitative below 30 ppm.  The remainder of the XRF analyzed trace elements is 
satisfactorily precise and accurate down to values from 1 to 3 ppm.  Whole rock data from 
XRF analyses are listed in Table 2. 
All 14 naturally occurring rare earth elements (REE) along with an additional 13 trace 
elements (Ba, Rb, Y, Nb, Cs, Hf, Ta, Pb, Th, U, Sr, Sc, Zr) were analyzed for 32 samples by 
high precision inductively coupled plasma source mass spectrometry (ICP-MS) analysis at 
the WSU GeoAnalytical Laboratory.  Rock powders were prepared at WWU by grinding 
select rock chips in an alumina ceramic SPEX Shatterbox grinding mill. Powders were fused 
into beads using a 1:1 mix of dry dilithium tetraborate flux to dry rock powder, in a 1000ºC 
furnace for 10 minutes.  Beads were then re-ground using the above method to ensure 
homogeneity of each sample.  The resulting powders were sent to WSU and analyzed using 
an Agilent 4500+ ICP-MS.   Analytical procedure as well as accuracy and precision are 
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detailed by Knaack et al. (1994).  Whole rock data from ICP-MS analyses are listed with 
XRF data in Table 2. 
For ICP-MS analysis, the GeoAnalytical Lab at WSU estimates accuracy by 
comparing the known values of fifteen USGS standard samples with results from two beads 
of each of the USGS standard samples that have been prepared and analyzed at WSU.  
Maximum measured differences (in ppm) between known values and WSU results for ICP-
MS analyzed trace elements are as follows: <40 ppm for Ba; <30 ppm for Sr and Zr,; ≤5 ppm 
for La, Ce Pr, Nd, Sm, Dy, Hf, Th, Pb, and Sc; <3 for Rb, Y, and Nb; <1 ppm for Gd, Er and 
U; <0.5 ppm for Eu, Tm, Yb, Ta, Ho, and Cs; and ≤0.1 ppm for Tb and Lu.  Precision is 
generally better than 5% for the REE and 10% for the other trace elements. 
 
Electron Microprobe 
 Minerals in polished thin sections of 10 samples (2 from each flow unit) were 
analyzed by electron microprobe at the University of Washington (UW).  Samples that 
contained the full range of minerals and textures observed in each flow were selected for 
analysis.  Compositions of olivine, pyroxenes, plagioclase, Fe-Ti oxides and chromium 
spinel were obtained using a JEOL Superprobe 733 Electron Probe Microanalyzer (EPMA) 
equipped with 4 wavelength dispersive x-ray spectrometers and an energy dispersive x-ray 
spectrometer.  A standardized set of natural and synthetic minerals were used for calibration.  
Accelerating voltage was set to 15 keV, with a beam current of 10 nA for plagioclase 
analyses, and 15 nA for olivine, pyroxene, and oxide analyses. Mineral phases were analyzed 
at a beam diameter of <1 μm, with the exception of plagioclase, which was analyzed at 3 μm. 
Element peaks were counted for a minimum of 20 seconds, and for a maximum of 40 
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seconds, or when 0.4% statistical error was achieved.  Analytical error is <2% for major 
elements and <12% for trace elements.  Data corrections were performed using the CITZAF 
X-ray Correction Program based on the method of Armstrong (1988).   
 
Isotopes 
Isotopic ratios for Pb, Sr, and Nd were measured for 6 samples, 2 each from the 
following units: the Tarn Plateau, Park Butte, and Lake Shannon.  The most felsic and most 
mafic samples in each flow unit were chosen to represent the probable isotopic compositional 
range of these individual flows.  Field samples were reduced to chips by the method 
described above, and then ground into powders using an alumina ceramic SPEX Shatterbox 
grinding mill.  Powders were sent to the University of Washington Isotope Geochemistry Lab 
and analyzed using a Nu Instruments multiple collector inductively coupled plasma mass 
spectrometer (MC-ICP-MS). 
Samples measured for Pb isotopes were dissolved in concentrated HF + 8N HNO3, 
dried, and re-dissolved.  An aliquot of 2 samples, NM-LS6 and NM-TP6, were reserved, 
dried, and passed twice through ion exchange columns (for detailed procedure of entire Pb 
separation chemistry, see Nelson, 1995).  Both aliquots (simply dissolved and purified) of 
samples NM-LS6 and NM-TP6 were analyzed, as well as a second aliquot of sample NM-
LS2 (run as a repeat) to test for reproducibility.  Analytical procedure for Pb analysis is fully 
described in Harkins et al. (2008).  Pb isotopic compositions are normalized to NIST 981, 
with isotopic standards of 16.9356, 15.4891, and 36.7006 for 206Pb/204, 207Pb/204Pb and 
208Pb/204Pb, respectively.  Error on Pb analyses is ±150 ppm (2σ) or ±0.015%.  
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Samples measured for Sr and Nd isotopes were dissolved in a 10:1 mixture of 
concentrated HF-HNO3.  After drying, samples were fumed with HClO4 to decompose 
fluorides.  Final dissolution and sample equilibration was achieved by adding 6M HCl.  
Column separation was conducted first to partition the light rare earth elements (LREE) from 
Sm and Nd, and second to partition Sm from Nd.  Analytical procedure for Sr isotope 
analysis is fully described in Nelson (1995), and in Gaffney et al. (2007) for Nd.  Sr isotopic 
compositions are normalized to 87Sr/86Sr = 0.710240 for NIST 987, which was the average 
value yielded for the standard.  Nd isotopic compositions are normalized to the La Jolla value 
of 143Nd/144Nd = 0.511843.  Error on Sr and Nd analyses are ±30 ppm (2σ) or ±0.3 epsilon 
units.  The 145Nd/144Nd was monitored as an additional accuracy check.  This yielded a value 
of 0.348413 for all samples of the standard, which is within ±17 ppm (2σ) of the accepted 
value of 0.348417.   
 
PETROGRAPHY AND MINERAL CHEMISTRY 
Petrography and mineral chemistry among the flow units is diverse, but some overall 
similarities exist.  None of the lavas are aphyric, instead porphyritic and often 
glomeroporphyritic textures are common.  Disequilibrium textures are pervasive among 
phenocrysts and the majority of microphenocrysts in the units (see Figure 4 for examples of 
common disequilibrium textures).  Mineral chemistry can vary greatly between the phases 
within the lavas, but the range among all the flow units tends to be somewhat consistent.  All 
following modal abundance percentages are from visual estimates.  Petrographic 
characteristics are summarized in Table 1, and compositional data for all mineral phases are 
listed in Tables 3-7.  
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Park Butte Basalt 
 The Park Butte basalt is a porphyritic unit, with 35-40% phenocrysts and 
microphenocrysts in a holocrystalline to microcrystalline groundmass.  This basalt is very 
coarsely crystalline for a volcanic unit, with an entirely microcrystalline matrix in which 
nearly all crystals can be seen at the lowest magnification.  McKeever (1977) and Hildreth et 
al. (2003) hypothesized that this coarsely granular texture was caused by thick ponding of the 
lava.  Petrographic analysis reveals no significant difference between the mineralogy of the 
main phase of this flow unit and the more oxidized magma that has mingled in certain areas 
of the unit (described above).  
Olivine comprises 50-65% of the phenocryst population, and occurs as 0.3-3.8 mm 
sub- to euhedral equant grains.  Plagioclase is the next most abundant phenocryst, typically 
found as 0.2-2.3 mm sub- to euhedral elongate-columnar crystals that comprise 35-45% of 
the phenocryst population.  Clinopyroxene occurs rarely as phenocrysts in this unit, and 
generally consists of ~1% of the total phenocrysts, observed as 0.2-1.3 mm sub- to euhedral 
equant crystals.  However, in one glomeroporphyritic sample (NM-PB10), clinopyroxene 
comprises up to 10% of the mode and occurs mainly in the crystal clots, occasionally as 
ophitic grains.  The crystal clots in this sample are from 5 to 9 mm in length, large enough to 
be seen in hand sample, and lack reaction rims.  The groundmass is microcrystalline, with 
50-60% pilotaxitic plagioclase laths (50-100 μm in length), 30-35% intergranular 
clinopyroxene (75-100 μm), 5-15% intergranular olivine (25-100μm), 2-5% various oxide 
minerals (50-600 μm), <1% orthopyroxene (20-100 μm), and a trace amount of apatite (<15 
μm).      
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 Olivine phenocrysts in the Park Butte basalt have pervasive disequilibrium textures; 
they are clearly resorbed, often embayed, and nearly always fractured (with alteration to 
iddingsite present along the fractures).  The phenocrysts frequently contain inclusions of Fe-
Ti oxides and chromium spinel.  Matrix grains of both clino- and orthpyroxene can also be 
found as re-growths in the resorbed areas of olivine phenocrysts. Microphenocrysts and 
matrix grains of olivine fill the interstices between randomly oriented plagioclase laths in an 
intergranular texture.  Disequilibrium textures are not as evident in these modes, but 
fracturing of the crystals is ubiquitous.  Phenocryst compositions range from Fo66-82, and 
matrix grains are Fo57-58 (Table 3).  Average NiO content is lowest in the olivine from this 
flow unit (0.03-0.13% for all samples, Table 3).    
The Park Butte samples generally lack pyroxene phenocrysts, but microphenocrysts 
and groundmass grains are more abundant.  Clinopyroxene phenocrysts were not observed in 
the two samples analyzed by microprobe.  Where they exist, these grains are resorbed, 
embayed, fractured, and often contain Fe-Ti oxide inclusions.  Occasionally the 
clinopyroxene phenocrysts contain inclusions of elongate plagioclase.  Microphenocrysts and 
matrix grains lack disequilibrium textures, and fill the spaces between plagioclase. 
Compositions of this mode of clinopyroxene range from En42-44Fs15-27Wo29-41, with Mg# 
[Mg# = Mg/(Mg+Fe2+)] from 63-75 (Table 4).  The range of CaO content in clinopyroxene is 
largest in this unit (10.7-19.8 wt.%).  Grains of orthopyroxene in the matrix were positively 
identifiable only during microprobe analysis.  These crystals also lack disequilibrium 
textures, range from En57-59Fs33-37Wo6-9, and have Mg# from 60-64.  
 Plagioclase appears in three distinct modes in the Park Butte basalt: phenocrysts, 
microphenocrysts, and groundmass.  The phenocrysts are almost universally resorbed, often 
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display sieved cores, and many exhibit oscillatory or normal concentric zoning.  
Microphenocrysts have fewer disequilibrium textures, but are regularly fractured.  Fe-Ti 
oxides appear in all modes of plagioclase.  Phenocryst and microphenocryst cores range from 
An37-78 (Table 6); however, the core of the plagioclase with the lowest An content was 
resorbed and clearly had crystal re-growth after the resorption event.  Rim compositions are 
from An53-56.  The groundmass plagioclase lacks disequilibrium textures of any kind, and 
anorthite content in these grains are ~59.  Average SrO content is lowest in the plagioclase 
from this flow unit (0.09-0.17 wt.%); however, average K2O content is highest (0.29 wt.%, 
Table 6), although the range in plagioclase K2O content is smaller in this unit than in the 
plagioclase from Cathedral Crag). 
 Oxide minerals observed in the Park Butte flow include chromium spinel, titaniferous 
magnetite, and ilmenite.  Chromium spinel was found only as inclusions in olivine 
phenocrysts, whereas the Fe-Ti oxides are present in the matrix as well as inclusions in all 
phenocryst phases.  Chromium spinel in this unit has Cr2O3 content in the range of 24.4-26.5 
wt.%.  FeO of magnetite is 79.5-83.1 wt.%.  Ilmenite has TiO2 content of 44.0-49.0 wt.% and 
FeO of 43.2-51.6 wt.% (Table 7).  
 
Cathedral Crag Basaltic Andesite 
  The Cathedral Crag basaltic andesite is a strongly porphyritic unit that contains 25-
35% phenocrysts in a holocrystalline to microcrystalline groundmass.  These samples are 
also often glomeroporphyritic, containing 0.5 to 3.8 mm crystal clots that are dominantly 
plagioclase ± clinopyroxene ± olivine.  This unit is unique among others in this study 
because it contains two separate but distinct types of inclusions; large (4-22 mm) weathered 
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felsic xenoliths that are readily apparent in hand sample, and smaller (0.4 to 2 mm) very fine 
grained and resorbed inclusions that are composed of clinopyroxene, plagioclase and oxide 
minerals.  These smaller inclusions are often rimmed by clinopyroxene.  Both types of 
inclusions have thin reaction rims, but still clearly visible boundaries.  These xenoliths 
appear in all but sample NM-CC7, which has radically different phenocryst modes compared 
to the other samples from Cathedral Crag (but somewhat similar mineral chemistry, see 
Tables 1 and 3-7).   
 Plagioclase phenocrysts are the most abundant in the Cathedral Crag lavas, 
representing 70-80% of the population, and exist as euhedral elongate to equant 0.2 to 3.1 
mm long crystals.  Sub- to euhedral clinopyroxene appears as equant 0.3 to 2.4 mm long 
grains that comprise 13-20% of the phenocrysts.  Sub- to euhedral equant olivine represents 
5-10% of the population, and ranges in size from 0.2 to 2.5mm.  The microcrystalline 
groundmass is composed of 50-65% pilotaxitic plagioclase laths (50-100 μm), 25-35% 
clinopyroxene (15-100μm), 5-10% olivine (20-30 μm), 3-7% various oxide minerals (25-600 
μm), and 2-3% elongate orthopyroxene (50-100 μm).   
The anomalous sample, NM-CC7, has the same phenocryst phases with similar 
textural characteristics, save for the modal abundance and sizes.  In this sample, plagioclase 
is 40% of the population and only reaches a maximum of 1.8 mm; clinopyroxene is 
approximately 30% of the population, and olivine is 30% (much higher than the 5-10% 
abundance in all other CC samples), but can be much more coarse, reaching maximum 
lengths up to 3.1 mm.  The groundmass of the anomalous sample is comparable to the others 
(all samples have the same equilibrium textures in the matrix grains), with the exception of a 
weak trachyitic texture of the plagioclase microlites, and a larger average size of the oxide 
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grains.  Mineral chemistry for this and a sample more representative of the flow unit as a 
whole was analyzed, and was found to be similar for all phases present (Tables 3-7); 
however, clinopyroxene grains are the most magnesian ones sampled from any of the flow 
units.         
Olivine phenocrysts are generally extremely resorbed and fractured in this unit.  
There are cases in which half or more of the grain has been reacted away, and often 
plagioclase has grown into these areas.  The grains are severely embayed, and resorption of 
the cores is patchy or nearly total in some cases.  Alteration to iddingsite is prevalent along 
the fractures, which are also clear resorption pathways.  Composition of olivine in this flow 
unit ranges from Fo70-74 (Table 3). 
Clinopyroxene displays a range of disequilibrium textures as well.  The rims are 
resorbed and frequently surrounded by a ring of oxide grains.  Some of the cores are sieved, 
and contain inclusions of both plagioclase and oxides.  Twinning is present in the majority of 
the phenocrysts.  Pyroxene content ranges from En43-50Fs7-16Wo39-46, with Mg# from 74-88.  
One reversely zoned phenocryst was analyzed in the anomalous sample, which has a much 
more magnesian rim than core (Mg# 87 rim, 82 core).  Average Cr content is highest in the 
clinopyroxene of this unit (22.0 wt.% Cr2O3), and CaO content is among the highest in this 
study (18.7-21.6 wt. %, Table 4).  Orthopyroxene appears only as a groundmass phase and 
proved exceedingly difficult to locate during microprobe analysis.  Only one grain was 
analyzed, with a composition of En72Fs23Wo5 and Mg# 76 (Table 5). 
Three modes of plagioclase are evident throughout the samples, and included 
phenocrysts (>1 mm), microphenocrysts (0.2 to 1 mm), and groundmass laths.  The matrix 
grains and many of the microphenocrysts lack disequilibrium textures, while the majority of 
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the phenocrysts are resorbed to some degree.  Most of this resorption was restricted to the 
rims, but in some cases the cores displayed minor sieving with oxides and clinopyroxene 
filling the voids.  Weak normal concentric zoning was also observed in a number of 
phenocrysts and microphenocrysts.  Unresorbed areas of phenocryst and microphenocryst 
cores range from An85-87, while re-growth in sieved cores and rims range from An39-49 (Table 
6).  Matrix grains have An62-64 content.  K2O has the highest range (0.05-0.78 wt.%) and SrO 
the highest average (0.25 wt.%) in plagioclase compositions among all the flow units. 
Chromium spinel, titaniferous magnetite, and ilmenite are among the oxide minerals 
detected in this unit.  Interestingly, matrix baddeleyite (<50 μm ), a rare zirconium oxide 
mineral, was discovered in trace amounts (<<0.5%) during microprobe analysis.  Chromium 
spinel was found only as inclusions in olivine phenocrysts, whereas the Fe-Ti oxides are 
present in the matrix and as inclusions in all phenocryst phases.  Chromium spinel in this 
flow unit has Cr2O3 content in the range of 10.0-17.8 wt.%.  FeO of magnetite is 68.2-84.1 
wt.%.  Ilmenite has TiO2 content of 44.3-48.7 wt.% and FeO of 48.0-50.4 wt.% (Table 7).   
 
Tarn Plateau Basaltic Andesite  
The basaltic andesite of Tarn Plateau is a strongly porphyritic flow unit, containing 
25-40% phenocrysts and microphenocrysts in a holocrystalline to cryptocrystalline 
groundmass.  Glomeroporphyritic texture is common in the lavas, with crystal clots of 
clinopyroxene ± plagioclase ± olivine from 0.9 to 3.2 mm long.  The clinopyroxene in the 
crystal clots often appears to have re-grown over resorbed plagioclase and olivine 
phenocrysts.  Clinopyroxene is the most prevalent phenocryst at 45-65% of the population, 
generally observed as sub- to euhedral, 0.2 to 3.0 mm elongate or equant crystals.  Euhedral 
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elongate and equant plagioclase accounts for 25-40% of the phenocryst population, and is 0.2 
to 4.8 mm in length.  Penetration twinning can be found in some of the largest plagioclase 
phenocrysts in this flow unit.  Equant to elongate olivine is 10-20% of the phenocryst phase 
and is sub- to euhedral, ranging from 0.2 to 3.2 mm in length.  The groundmass is 
microcrystalline to cryptocrystalline, with 40-70% pilotaxitic to trachyitic plagioclase laths 
(40-100 μm), 10-35% cryptocrystalline matrix, 10-15% clinopyroxene (75-100 μm), ~5% 
olivine (10-25 μm), 2-3% elongate orthopyroxene (30-50 μm), and 2-3% various oxide 
minerals (20-400 μm). 
Disequilibrium textures are present in many olivine crystals in this unit, but range 
from severe to very slight in grains of nearly equal size.  Phenocrysts (1-3 mm) tend to have 
pervasive disequilibrium textures; however, in the microphenocryst population (0.2 to 1 
mm), resorption is prevalent in some grains but nearly lacking in others.  Most often the 
crystals are resorbed and embayed at the rims, but these embayments intrude into the cores in 
the most severe cases.  Fracturing is found in all but the groundmass grains, and alteration to 
iddingsite is present along many of those fractures.  The olivine phenocrysts in this flow unit 
have the highest MgO average (42.0 wt.%) among the lavas, with core compositions that 
range from Fo81-85.  The rim of a phenocryst analyzed at multiple points has a composition of 
Fo77, revealing a normal zoning pattern for this particular crystal (Table 3).     
Clinopyroxene is often zoned, displays twinning, and is highly resorbed, with sieved 
cores and embayed rims (Figure 4A).  Resorbed and sieved areas with crystal re-growth were 
analyzed in the cores, and the compositions of these areas are such that the phenocrysts 
appear to be reversely zoned.  These phenocrysts contain inclusions of Fe-Ti oxides and 
occasionally plagioclase.  Compositions vary from En44-48Fs7-19Wo38-44, and have Mg# 70-87.  
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CaO content in clinopyroxene is comparable to but slightly higher than that of the Cathedral 
Crag clinopyroxene (18.1-22.3 CaO wt. %, Table 4).  Orthopyroxene, found only as a 
groundmass phase which lacks disequilibrium textures, ranges in composition from En65-
66Fs29-30Wo4, with Mg# 68-69 (Table 5).   
Textures of plagioclase phenocrysts and microphenocrysts in the Tarn Plateau unit 
exhibit clear evidence of disequilibrium conditions.  In many cases, crystals are so acutely 
sieved and resorbed that they have been almost completely dissolved.  Normal concentric 
zoning is found in many of the larger phenocrysts.  In many of the crystal clots, resorbed 
areas in plagioclase grains appear to have been overgrown by clinopyroxene. CaO of 
plagioclase in this unit is relatively high compared to the basaltic flows in this study (Table 
6).  Phenocryst and microphenocryst core compositions range from An71-88, and rims range 
from An67-87.  An content of matrix grains is much lower overall, and varies from An47-62 
(Table 6).   
Oxide minerals observed in this flow unit include chromium spinel, titaniferous 
magnetite, and ilmenite.  Chromium spinel was found only as inclusions in olivine 
phenocrysts, whereas the Fe-Ti oxides are present in the matrix as well as inclusions in all 
phenocryst phases.  Chromium spinel in this unit has Cr content from 33.9-46.6 wt. % Cr2O3.  
Fe in magnetite ranges from 72.9-83.1 FeO wt. %.  Ilmenite has TiO2 content of 37.1-46.0 
wt.% and FeO of 46.7-55.6 wt.% (Table 7).   
 
Lake Shannon Basalt 
 The Lake Shannon basalt is a porphyritic flow unit, with 30-35% phenocrysts and 
microphenocrysts in a hypocrystalline groundmass.  This unit ranges from very coarsely to 
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finely vesicular, and these vesicles comprise from 10-40% of the volume of the samples.  
Glomeroporphyritic texture is common, with crystal clots of plagioclase ± olivine ranging in 
size from 0.8 to 6.5 mm (Figure 4B).   
 Phenocryst and microphenocryst phases are dominated by plagioclase, which 
comprises 60-70% of the phenocryst population and occurs as sub- to euhedral, elongate to 
equant 0.1 to 3.2 mm long crystals.  Olivine accounts for 30-35% of the phenocrysts, and is 
observed as sub- to euhedral equant crystals with a size range of 0.1 to 2.2 mm.  Sub- to 
euhedral equant clinopyroxene occurs rarely as a microphenocryst phase (≤ 0.2 mm), and 
comprises less than 2% of only two of the Lake Shannon samples.  The groundmass is 
composed of 30-40% glassy to cryptocrystalline matrix, 40-45% pilotaxitic plagioclase laths 
(50-100 μm), 10-20% olivine (25-50 μm), 5-7% clinopyroxene (10-50 μm), and 1-3% 
various oxide minerals (25-500 μm).  No orthopyroxene was detected in this unit during 
either petrographic examination or microprobe analysis.           
 Disequilibrium textures are pervasive in the olivine phenocrysts and some 
microphenocrysts (Fo78-81), but these textures are altogether lacking in the smaller 
microphenocrysts and the matrix grains (Fo78).  Resorption of the cores is most common, but 
fractured crystals with embayed rims are also prevalent.  Oxide inclusions are frequently 
located in the olivine, and are most often chromium spinel.  Chemical zoning appears to be 
lacking in the olivine of this flow unit.  Olivine from the Lake Shannon lavas has the highest 
NiO content of this study, which ranges from 0.09-0.21 wt. % (Table 3).  
 Resorption is absent in clinopyroxene microphenocrysts and matrix grains.  
Microphenocrysts were not present in the two samples analyzed for mineral chemistry, so 
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only compositions for matrix crystals are reported.  Ti content of clinopyroxene is highest in 
this unit, and ranges from 2.1-3.8 TiO2 wt. %.  The pyroxene content ranges from  
En23-42Fs19-31Wo39-49, with Mg# 43-69 (Table 4). 
 A majority of the plagioclase phenocryst population displays concentric zoning 
patterns (Figure 4C).  The zoning is most often normal, but reverse zoning was observed in 
one large phenocryst with multiple point analyses.  These phenocrysts and the larger 
microphenocryst population are often resorbed and have embayed rims.  The phenocrysts are 
also often severely sieved.  In the crystal clots, plagioclase phenocrysts are often intergrown 
as penetration twins.  Plagioclase compositions of all phases (phenocrysts, microphenocrysts 
and matrix grains) range from An56-65 (Table 6). 
Oxide minerals observed in this flow unit include chromium spinel and titaniferous 
magnetite.  Matrix baddeleyite (<50 μm ) was discovered in this unit during microprobe 
analysis, and represents much less than 0.5% of the groundmass.  Chromium spinel was 
found only as inclusions in olivine phenocrysts, whereas the magnetite is present in the 
matrix as well as inclusions in all phenocryst phases.  Chromium spinel in this flow unit has 
Cr2O3 content in the range of 21.2-25.9 wt. %.  FeO content of magnetite is 54.9-65.9 wt. %.  
The magnetite in sample NM-LS4 is very chromium rich compared to the other lavas in this 
study (10.3-15.8 wt. % Cr2O3, Table 7).  
 
Sulphur Creek Basalt 
The lavas from the Sulphur Creek unit are porphyritic, generally containing 15-25% 
phenocrysts and microphenocrysts in a holocrystalline to hypocrystalline groundmass.  
Crystal clots do occur in this flow unit, but are generally much smaller than the clots that are 
24 
 
found in the other units of this study (usually <1 mm), and are predominantly plagioclase ± 
olivine.  Vesicularity of the samples is highly variable; some samples are non-vesicular, 
some are weakly and finely vesicular, and others are strongly and coarsely vesicular.   
The phenocryst population is dominated by sub- to euhedral plagioclase that is 
generally elongate, ranges from 0.2 to 4.1 mm in size, and comprises 65-80% of the 
phenocryst phases.  Olivine is the other major phenocryst phase, consisting of 20-35% of the 
population, although this mineral is mostly limited to a microphenocryst mode.  It tends to be 
sub- to euhedral, equant, and ranges from 0.1 to 1.1 mm.  Phenocrysts and microphenocrysts 
of clinopyroxene are largely absent, and are predominantly <1% of the population.  They 
occur rarely, but can be found as subhedral equant to elongate grains ranging in size from 0.2 
to 1.1 mm.  No orthopyroxene phenocrysts or microphenocrysts were located during either 
petrographic examination or microprobe analysis.  The groundmass is composed of 5-25% 
cryptocrystalline to glassy matrix (although two samples are entirely microcrystalline), 50-
75% pilotaxitic to trachyitic plagioclase microlites (50-100 μm), 5-10% olivine (40-100 μm), 
15-25% clinopyroxene (25-50 μm), ~1% orthopyroxene (<10 μm), and 1-5% various oxide 
minerals (20-400 μm). 
    Olivine microphenocrysts (and rarely phenocrysts) have an interesting textural 
dichotomy.   Many of the grains display a range of reaction textures such as resorption of the 
cores, embayed rims, and fractures that often contain alteration to iddingsite (Figure 4D), and 
have Fo content from 70-85 .  However, in approximately 50% of the crystals of this same 
mode, no disequilibrium textures are observed.  The Fo content of the non-resorbed grains 
ranges from 64-75.  Melt inclusions are abundant in the microphenocrysts of this unit.  
Mineral compositions range from Fo70-85 in the microphenocrysts and phenocrysts, with rim 
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analyses that are much less magnesian than the cores. One matrix grain was analyzed at Fo64 
(Table 3). 
The rare clinopyroxene phenocrysts and microphenocrysts in the basaltic Sulphur 
Creek samples are all highly resorbed, in many cases almost totally reacted away.  
Compositional data were not obtained for this mode of clinopyroxene, as only matrix grains 
occurred in the polished thin sections of the analyzed samples.  Matrix grains of 
clinopyroxene do not display disequilibrium textures, and have pyroxene compositions of 
En41-45Fs15-17Wo40-42 and Mg# from 70-75 (Table 4).  Only very small (~10 μm) matrix grains 
of orthopyroxene were discovered, and have compositions of En56-59Fs40-41Wo2-3 and Mg # 
58-60 (Table 5). 
Plagioclase phenocrysts and microphenocrysts in the Sulphur Creek basalt almost 
universally display disequilibrium textures.  Complicated sieved patterns are dominant, but 
resorbed and embayed rims, as well as concentric zoning patterns are also pervasive.  
Chemical analysis reveals that reverse zoning is present (Table 6).  Phenocrysts and 
microphenocrysts have compositions of An48-65.  Matrix plagioclase laths lack resorption 
textures, and have compositions of An44-59.  These microlites are often flow banded, 
particularly around large phenocrysts.  In one sample, all of the plagioclase (including the 
phenocrysts) is aligned to form flow banding.    
Oxide minerals observed in this flow unit include chromium spinel and titaniferous 
magnetite.  Chromium spinel was found only as inclusions in olivine phenocrysts, whereas 
the titaniferous magnetite is present in the matrix as well as inclusions in all phenocryst 
phases.  Chromium spinel in this unit has Cr2O3 content in the range of 30.5 to 31.0 wt.%.  
FeO in magnetite ranges from 67.8 to 70.7 wt. % (Table 7).  
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 In summary, petrographic analysis reveals the porphyritic nature of all five flow units 
in this study.  It is clear from the textures present in the phenocrysts and microphenocrysts 
that disequilibrium conditions existed prior to eruption of the lavas.  Tarn Plateau basaltic 
andesite contains the most magnesian olivine phenocrysts and most anorthitic plagioclase 
phenocrysts, but Cathedral Crag basaltic andesite contains the most magnesian clinopyroxene 
phenocrysts.  While mineral chemistry can vary greatly within the units, the range in Mg# of 
olivine and clinopyroxene, as well as anorthite content of plagioclase between all of the flow 
units is fairly consistent (Table 1). 
 
WHOLE ROCK CHEMISTRY 
Major Elements 
 According to the AFM diagram (Figure 5A) of Irvine and Baragar (1971), all of the 
flow units of this study are calc-alkaline in nature; however, the Park Butte lavas plot directly 
on the line dividing the calc-alkaline and tholeiitic fields.  On a TAS (total alkalis versus 
silica) variation diagram, all five units plot as subalkaline (not shown).  Using the 
classification of Le Maitre et al. (1989), the Cathedral Crag, Tarn Plateau, Lake Shannon and 
Sulphur Creek lavas are all categorized as medium-K, while the Park Butte unit falls just into 
the low-K field (Figure 5B).   
 The flow units in this study consist of basalt and basaltic andesite.  Whole rock data 
are listed in Table 2, and Harker variation diagrams for all the major elements are presented 
in Figure 6.  Park Butte has the least silicic compositions, and is exclusively basaltic (49.3-
50.3 wt. % SiO2).  Basaltic andesite is the sole rock type found at Cathedral Crag (52.1-52.9 
wt.% SiO2).  Tarn Plateau is generally composed of basaltic andesite (53.6-54.0 wt.% SiO2), 
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with the exception of one sample that borderline qualifies as basalt (51.8 wt.% SiO2).    The 
Lake Shannon and Sulphur Creek units both include basalt and basaltic andesite (50.7-
52.6%, and 51.2-54.6 wt. % SiO2, respectively).   
 Primitiveness of the magmas can be assessed by focusing on some key components of 
the overall chemistry of the lavas.  The Basaltic Volcanism Study Project (BVSP, 1981) 
established specific parameters for evaluating magma primitiveness.  According to BVSP, a 
primitive magma is one that has > 6 wt.% MgO, Mg# > 55, Ni content > 100 ppm, and Cr 
content > 200 ppm.  Magnesium number (Mg#) is used as a measure of Mg enrichment 
relative to Fe, and is calculated as Mg# = 100*Mg/(Mg+0.85*Fe2+) in Table 2 and Figure 6 
(Fe is calculated as 0.85*Fe2+ in whole rock Mg# based on NNO buffer conditions, see 
following discussion of Intensive Parameters).  Based on the BVSP criteria, none of the units 
in this study strictly qualify as primitive.  All samples meet the standard for Mg#, and many 
are in the correct range of MgO and Cr content (Table 2, Figures 6 and 7).  However, none of 
the flow units have high enough Ni content (all but one sample are < 90 ppm Ni).   
Interestingly, Mg# cannot be correlated with silica content (Figure 6), as Tarn Plateau 
basaltic andesite has both the highest silica content and the highest Mg# (68-70) of all the 
units in this study.  It can be classified as a high-Mg basaltic andesite (e.g., Grove, 2005; 
Tatsumi, 2006).  The least silicic member, Park Butte, has the second highest Mg# (63-65).  
The other basaltic andesite unit, Cathedral Crag, has the lowest Mg# (55-58), with the 
exception of one sample that has Mg# 72.  This anomalous sample (NM-CC7) is 
accumulative of phenocrysts (see above), and is clearly not representative of Cathedral Crag 
as a whole.  It will not be used to represent a liquid in any modeling techniques. 
28 
 
Several other significant observations can be made regarding the major element 
composition of the lavas.  There is a relatively small range in Al2O3 across four of the units 
(15.7-17.9 wt. %), but Cathedral Crag is notably enriched in Al2O3 (20-20.2 wt. %, Figure 6) 
compared with the rest of the sample set (resulting in the high abundance of plagioclase 
phenocrysts in Cathedral Crag lavas, see Table 1).  Within-flow variations in Al2O3 are 
generally lacking.  MgO (Figure 6) and FeO (Table 2) are highest in Park Butte (7.9-8.4 wt. 
% MgO, 8.9-9.7 wt. % FeO), but neither of these elements vary predictably within the unit.  
Abundance of CaO is greatest in the Park Butte and Tarn Plateau samples (abnormally high 
for the basaltic andesite of Tarn Plateau); conversely, these two units have the lowest values 
of Na2O.  K2O generally increases with silica content within each individual unit and across 
the range of the flow units, forming a sublinear trend.  The basaltic andesites (Tarn Plateau 
and Cathedral Crag) have the highest K2O content, while Park Butte has the lowest (plotting 
in the LKOT field of Le Maitre et al. 1989).  Particularly high TiO2 is found in both the 
Sulphur Creek (up to 1.7 wt. %) and Lake Shannon lavas (up to 1.5 wt. %).  The rest of the 
units have less than 1.1 wt. % TiO2. 
 To summarize, all of the major element compositions vary significantly between the 
lavas, but variations within units are somewhat limited.  Correlation with silica can be made 
for FeO, K2O, and to a lesser degree for MgO (when considering the basaltic lavas only).  
The other major elements vary between units, but not in a systematic manner.  Within the 
flow units, major element compositions tend to be small or nearly indistinguishable (except 
with silica and in the cases where one sample of radically different composition from the 
average occurs, i.e. Tarn Plateau, Sulphur Creek, and Cathedral Crag).  Park Butte is 
noteworthy in this regard, because within-flow variation is limited to FeO (Table 2).  Lake 
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Shannon samples are an exception, as many of the major elements appear to vary (to 
different degrees) with silica in this unit.     
 
 Trace Elements 
 Compatible trace element compositions vary widely among the units, and in some 
cases within units.  In this study, both nickel and chromium are relatively low in abundance 
compared to other primitive Cascade calc-alkaline and LKOT basalts (Figure 7).  Park Butte 
and Tarn Plateau have similar Ni content (52-69 ppm), but Park Butte has slightly higher Cr 
than Tarn Plateau at a given Ni abundance.  Lake Shannon basalt has the highest Ni content 
of all the flow units (62-90 ppm), and is the only lava that exhibits a predictable decrease in 
both Ni and Cr as silica decreases.  However, this unit has much lower Cr relative to the Tarn 
Plateau basaltic andesite and Park Butte basalt.  Values of Sc are highest in Park Butte (~30 
ppm, Table 2).   
 Other trace element compositions differ greatly between the units in this study, but 
show some decipherable trends within units (Figure 8).  Park Butte has the lowest 
abundances of the large ion lithophile elements (LILE) Ba, Rb, and Pb, and the high field 
strength elements (HFSE) Zr, Th and Ce compared to the other four flow units.  Abundances 
of Ba, Sr, Th, Yb, Pb and Ce in the Park Butte basalt are comparable to values published for 
LKOT elsewhere in the Cascade arc (Figure 8, Table 2).  Park Butte and Lake Shannon share 
very similar values of Sr (477-521 ppm), the lowest among the lavas.  La, Rb, Ba, Pb, and Th 
generally increase with silica sublinearly between and within the units.   Zr values are 
constant for all samples within a given flow unit.  This same pattern is observed in Sr, with 
the exception of the Cathedral Crag lavas, in which Sr values vary and are much higher than 
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in any other unit.  Nb and Ta display incompatible behavior in Lake Shannon samples, but 
values within the other units are relatively constant.  Sulphur Creek has anomalously high Zr 
and Yb (Figures 8 and 11).  Yb and Y have a slight but regular decrease with silica in the 
Sulphur Creek lavas as well.  Overall, most trace elements have relatively clustered values 
within each flow unit (with the exception of Sr in Cathedral Crag samples).   
 The primitive-mantle-normalized trace element diagram (Figure 9) reveals patterns 
very typical of calc-alkaline arc lavas.  All the samples are enriched in LILE, and exhibit 
distinctive negative Nb and Ta anomalies that are representative of arc magmas whose 
generation has been influenced by a subduction component.  The lavas all have pronounced 
enrichment in Ba, U, Pb and Sr.  Park Butte is the least enriched in these trace elements, and 
shifts to a flatter, more MORB like pattern on the right side of the diagram, with moderate 
enrichment compared to the other units.  The Tarn Plateau and Cathedral Crag basaltic 
andesites have the lowest abundances of HFSE on the right of the diagram, but have 
intermediate Nb and Ta relative to the other flow units.  Very similar patterns are observed 
between the Sulphur Creek and Lake Shannon basalts; however, the relative enrichment of 
the Lake Shannon samples is slightly lower than those of the Sulphur Creek. 
 On the chondrite-normalized REE diagram (Figure 10), Park Butte has the least 
enriched LREE signature and flattest overall patterns, with (LREE)N of ~20-35 and (La/Sm)N 
of 1.7 or less.  Tarn Plateau has moderate LREE enrichment and a relatively steep REE 
pattern, with (LREE)N values from 40-55 and (La/Sm)N at ~2.2.  Cathedral Crag, the most 
Mg-poor lava, has relatively high LREE enrichment and the steepest REE pattern, with 
(LREE)N values from 45-70 and (La/Sm)N at ~2.3.  All of the samples from both Park Butte 
and Lake Shannon have minor positive Eu anomalies, and one Sulphur Creek sample appears 
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to have a very slight negative Eu anomaly.  Notably, the Cathedral Crag samples with high 
modal plagioclase, high Al2O3, and high Sr do not have significant positive Eu anomalies.  
This suggests that high modal plagioclase is not accumulative, but is a result of high alumina 
content in the melt.  Several Park Butte and Tarn Plateau samples exhibit pronounced 
negative Ce anomalies. 
 Overall, major and trace element chemistry reveals that the flow units can be 
categorized as four distinct endmember magma types: LKOT-like magmas, typical calc-
alkaline basalts, high-Mg basaltic andesite, and basaltic andesite.  The LKOT-like 
endmember is represented by the basalt of Park Butte, which has major element chemistry 
similar to LKOT found elsewhere in the Cascades; however, unlike other Cascade LKOT, it 
also displays enrichment of LILE and depletion of Nb and Ta typical of calc-alkaline lavas.  
Park Butte also has the lowest abundances of Zr and middle REE among the units.  The 
second endmember, calc-alkaline lavas, are represented by the basalts of Lake Shannon and 
Sulphur Creek.  These two lavas are comparable to calc-alkaline rocks found in arcs 
worldwide.  They have the highest abundances of Nb, Ta, Zr and middle REE among the 
units.  The third magma type, high-Mg basaltic andesite (HMBA), is represented by the 
basaltic andesite of Tarn Plateau.  This flow unit is strongly depleted in heavy rare earth 
elements (HREE), but has intermediate Nb, Ta, Zr and middle REE compared to the other 
lavas.  Tarn Plateau can be described as an HMBA, in that it has very high MgO for a given 
silica content, and Mg# higher than the basalts of this study.  The fourth type is the basaltic 
andesite of Cathedral Crag.  It has trace element characteristics similar to Tarn Plateau 
HMBA, but much lower MgO content.      
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Isotopic Composition    
 Isotopic compositions for Sr, Nd, and Pb were analyzed for the three most primitive 
flow units: Park Butte, Tarn Plateau, and Lake Shannon (Table 8).  The most felsic and most 
mafic samples in each unit were chosen to represent the probable isotopic compositional 
range of these individual flow units, with the exception of Tarn Plateau, in which there is 
only minor MgO variation between the most mafic and most felsic samples.  The samples fall 
within or just outside the mantle array on the εNd versus 
87Sr/86Sr (Figure 11), and are 
comparable to values found in primitive lavas from other parts of the Cascade arc.   
Measured 87Sr/86Sr values in the analyzed units have a range of 0.703090 to 0.703347 
(Table 8, Figure 11).  This range is wider within the Lake Shannon and Park Butte lavas than 
between the units.  In the Lake Shannon samples, 87Sr/86Sr is higher in the more felsic 
samples, but in the Park Butte samples, this ratio is higher in the more mafic samples.  Tarn 
Plateau samples have constant 87Sr/86Sr.  The range of 87Sr/86Sr does not extend to the low 
values seen in the Columbia segment of the Cascade arc (Schmidt et al. 2008), nor does it 
extend to the high values seen in the Central segment of the arc.  The values are typical of the 
range seen in the southern Cascades of California (Schmidt et al. 2008).   
Measured εNd values in the analyzed units are limited to +6.8 to +8.0 (Table 8, Figure 
11).  In contrast to 87Sr/86Sr, the range is wider between units than within units, and within 
flow unit variation is within analytical error.   
All three units plot just above the NHRL (Northern Hemisphere Reference Line) on 
the 207Pb/204Pb versus 206Pb/204Pb diagram (Figure 11), but plot just below the NHRL in the 
208Pb/204Pb versus 206Pb/204Pb diagram (not shown).  Pb isotopic ratios range from 18.75 to 
18.86 for 206Pb/204Pb, 15.54 to 15.56 for 207Pb/204Pb, and 38.20 to 38.29 for 208Pb/204Pb 
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(Table 8).  All Pb isotope ratios increase with silica in the Lake Shannon lavas, and the same 
is true for 206Pb/204Pb and 208Pb/204Pb in the Park Butte samples; however, 207Pb/204Pb 
decreases as silica increases in Park Butte samples. 
 In summary, within flow unit variability in 87Sr/86Sr is as great as the variability 
between units.  The compositional range of Nd isotopes is negligible within the lavas (well 
within analytical error), and the spread between the units is very small as well.  Lake 
Shannon samples appear to be the most primitive (with the highest Nd isotopic values), while 
the Park Butte samples are the most evolved of the sample set.  It is important to note that the 
isotope data set is limited, with two samples analyzed for each of three flow units. 
 
DISCUSSION 
 This discussion is divided into three key sections that will focus on constraining the 
processes that generate the mafic magmas of varied composition at Mount Baker: 1) 
intensive parameters, 2) assessment of equilibrium and crustal effects, and 3) characterization 
of mantle sources.  The intensive parameters section will attempt to constrain temperature, 
oxygen fugacity, and H2O content of the magmas, as all these parameters will greatly affect 
the evolution of magma compositions.  Next, the extent to which crustal processes have 
affected the mafic magmas will be evaluated.  This portion of the discussion will include an 
assessment of equilibrium between minerals and whole rock composition, an evaluation of 
evidence for other potential crustal processes (including fractional crystallization, 
assimilation, and magma mixing), and a summary of how these processes have affected 
magma primitiveness.  Finally, the section characterizing mantle sources at Mount Baker will 
fully discuss each endmember magma type, assess the contribution from the slab based on 
34 
 
trace element characteristics, and describe efforts to model the REE patterns of the mantle 
partial melt and slab fluid component for each magma endmember.         
 
Intensive Parameters – T, fO2, H2O 
The composition of magma is not only dependent upon the source from which it 
melts, but is also significantly affected by intensive parameters such as temperature, pressure 
and oxygen fugacity.  Previous studies of Cascade primitive magmas have used lava 
compositions and calculated parental liquids to determine both eruptive and segregation 
temperatures, as well as pressures of mantle-melt equilibration (e.g., Leeman et al. 2005).  In 
turn, these intensive parameters can be used to distinguish depths of magma generation for 
compositionally distinct lavas.     
Fe-Ti oxide thermobarometry was used to calculate temperature and oxygen fugacity 
for the flow units in this study that contain coexisting mineral pairs of magnetite and ilmenite 
(Park Butte, Cathedral Crag and Tarn Plateau).  Lepage (2003) developed ILMAT, an Excel 
spreadsheet that combines several Fe-Ti oxide geothermometers and geobarometers.  This 
combination allows the user to easily compare results from various methods.  ILMAT was 
used to calculate the temperatures and oxygen fugacities reported in Table 9, the results of 
which are based on the methods of Andersen and Lindsley (1988) and Andersen et al. (1991).  
Uncertainties from these models are approximately ±10 ºC and ±0.1 log units fO2 (Andersen 
and Lindsley, 1988).  Equilibrium of coexisting pairs was determined using the Bacon and 
Hirschmann (1988) test.  Pre-eruptive temperatures calculated from Fe-Ti oxide mineral pairs 
range from 788-847ºC for the Park Butte basalt, 756-834ºC for the Cathedral Crag basaltic 
andesite, and 867-982ºC for the Tarn Plateau basaltic andesite.  Oxygen fugacity for all three 
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of these units lies near or within 1 log unit above the Nickel-Nickel-Oxide (NNO) buffer, and 
ranges from -11.6 to -12.9 log units for Park Butte, -12.4 to -14.2 for Cathedral Crag, and      
-9.4 to -11.9 for Tarn Plateau.  NNO buffer conditions suggest that the appropriate 
calculation for whole rock Mg# of these lavas is Mg/Mg + Fe0.85
T. 
 No other geothermobarometry methods are appropriate for determining liquidus 
temperatures or pressures of the rocks in this study.  Assessment by liquid thermobarometry 
requires that the whole rock composition is not reflective of addition of xenocrystic material, 
which may not be the case for the basalts of Mount Baker (see following Assessment of 
Equilibrium discussion).  Thermobarometry from mineral pairs, such as clinopyroxene and 
orthopyroxene, requires that these minerals be in equilibrium with each other.  Mount Baker 
mafic lavas do not have orthopyroxene phenocrysts, only rare groundmass grains.  Analysis 
of mineral chemistry concludes that there are no pyroxene pairs present in these lavas that 
represent equilibrium conditions.    
 The temperatures calculated from Fe-Ti oxides are much lower than expected from 
experimentally determined temperatures for early crystallization of these minerals.  The 
experimental study of crystallization of hydrous high-Al basalts by Sisson and Grove (1993) 
predicts the temperature at which magnetite first appears in water saturated experiments 
ranges from 1050ºC at 93 wt.% remaining liquid to 965ºC at 54 wt.% remaining liquid.  Fe-
Ti oxide temperatures from Mount Baker are lower, seemingly approaching solidus 
temperatures.  This can be explained in one of two ways: 1) the mafic magmas from Mount 
Baker were erupted at near solidus temperatures, or 2) there has been sub-solidus re-
equilibration of the Fe-Ti oxides from remnant heat within the lavas.  The more reasonable 
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explanation is that of sub-solidus re-equilibration, since it is unlikely that lava would erupt 
with the small amount of liquid that would remain at near solidus conditions.  
Sisson and Grove (1993) also present a method for estimating H2O content of 
magmas.  By calculating the exchange of Ca and Na in plagioclase versus liquid, the 
resulting KD relationship (defined as [Ca/Na]plag/[Ca/Na]liquid) can be correlated with H2O 
content.  Since high water content leads to more calcic plagioclase, as KD of plagioclase-
liquid increases, so does H2O of the magma.  This relationship has been determined for the 
lavas of this study (Figure 12), using the whole rock compositions of CaO and Na2O as a 
proxy for liquid.  Estimated H2O content of the units are as follows: ~2% for Lake Shannon 
and Sulphur Creek, ~3 wt.% H2O for Park Butte, and ~4 wt.% H2O for Tarn Plateau, and 
~4.5 wt.% H2O for Cathedral Crag.  These estimates will be used to assist in interpreting 
contributions from the subducting slab and for modeling fluid compositions below.        
 
Assessment of Equilibrium and Crustal Effects 
 When evaluating primitive magmas to determine mantle source characteristics, a key 
consideration is the extent to which the crust has influenced magma petrogenesis.  As all 
mantle-derived eruptive products must pass through the crustal filter, it is necessary to 
assume that magmas will be geochemically affected by crustal compositions during their 
ascent to the surface.  Before determining mantle source characteristics, evaluation of 
potential crustal processes is critical.  Magmas can be altered as they rise through the crust by 
crystal fractionation, assimilation of crustal material, and magma mixing and/or mingling.  
This section will review evidence for contributions from these various crustal processes. 
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As previously addressed, specific criteria have been established to evaluate the 
primitiveness of mafic magmas.  In addition to fitting specific criteria for MgO wt.%, Mg#, 
Ni content and Cr content (see Whole Rock Chemistry above), to be considered primitive, 
lavas must typically be phenocryst poor.  In the majority of studies conducted to evaluate 
primitive magmas, aphyric or nearly aphyric samples are chosen (e.g., Baker et al. 1994; 
Bacon et al. 1997; Leeman et al. 2005), with the rationale that these types of rocks will most 
closely represent liquid compositions.  The mafic units in this study are moderately to 
strongly porphyritic, with the Park Butte and Tarn Plateau lavas being the most phenocryst 
rich (Table 1).  This does not necessarily preclude the units from being considered primitive, 
however, as previous studies have used phenocryst rich lavas to evaluate magma genesis 
(e.g., Della-Pasqua and Varne, 1997).   
Another important consideration is whether olivine compositions are in equilibrium 
with their whole rock composition, as this will reveal if whole rock composition truly 
approximates a liquid.  Roeder and Emslie (1970) defined the relationship of olivine and 
liquid composition by the partitioning of iron and magnesium between the olivine and liquid.  
The distribution coefficient, KD, is defined as  
KD = (Fe/Mg)
olivine/(Fe/Mg)liquid 
where KD is equal to 0.30.  This relationship has been assessed for whole rock compositions 
and the corresponding olivine core compositions for each flow unit, and the results vary 
between units (Figure 13).   
Olivine core compositions from the Tarn Plateau and Lake Shannon lavas fall nearest 
to the 0.30 equilibrium line, and appear to represent near equilibrium conditions.  When a 
second line with a KD of 0.34 is plotted (i.e. 0.31±0.03 from Baker et al. 1994), additional 
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samples from Park Butte, Tarn Plateau and Sulphur Creek appear to reflect near equilibrium 
compositions.  Rim analyses (not shown) from these two units tend to plot farther away from 
the equilibrium line than the cores, reflecting iron enrichment in the rims relative to the 
cores.  Where analyses are available (Lake Shannon and Sulphur Creek lavas, Figure 13), 
microphenocrysts tend to plot closer to equilibrium conditions than phenocrysts from the 
same unit.   
In contrast, olivine compositions from Park Butte, Cathedral Crag and Sulphur Creek 
are generally more Fe rich than would be expected if their whole rock Fe/Mg compositions 
represented liquids.  Park Butte olivine samples display an extreme range of olivine 
compositions, while the Sulphur Creek samples comprise a much smaller range; however, 
both these units have some olivine that appears to reflect equilibrium with the whole rock 
composition.  Regardless, the whole rock composition of Park Butte, Cathedral Crag and 
Sulphur Creek lavas overall are too magnesian (i.e. have higher Mg#) to have produced the 
majority of the observed olivine compositions in each unit, suggesting these three units may 
have experienced an accumulation of more felsic olivine.  This process will produce variation 
in the whole rock composition of lavas, specifically in MgO, SiO2, and Ni.  Within flow unit 
variations in MgO and SiO2 exist in all the lavas, some of which cannot be ascribed to the 
standard error in XRF analysis (Figure 6).  Nickel varies negligibly in these three units 
(Figure 7).  In any case, the accumulation of more felsic olivine will change the SiO2, MgO 
and Ni content of lavas to which they are added; thus SiO2, MgO and Ni contents of the Park 
Butte, Cathedral Crag, and Sulphur Creek lavas are not reflective of liquids.  These elements 
will not be used to represent liquids in later modeling techniques for any of the units.   
39 
 
Although some of the units in this study are potentially affected by olivine 
accumulation, the olivine appears to have been added from a more felsic source.  This will 
serve to make the lavas that are potentially affected appear less, rather than more primitive 
(by decreasing the whole rock Mg#).  It is also important to note that the most incompatible 
element abundances, those which clearly define mantle source compositions, will be 
unaffected by an accumulation of olivine.  This is evident in the lack of variation of highly 
incompatible elements (i.e. Nb, Ta, Zr, Hf,) with silica (Figure 8, Table 2) in all the units.  
The Cathedral Crag sample that has anomalous major element chemistry and petrography 
(i.e. much higher modal olivine than the rest of the unit) has an REE pattern similar to the 
other samples in that unit, indicating that the REE budget is also controlled by the melt rather 
than mineral accumulation. 
 There is only minor geochemical variability within each of the units, suggesting that 
whatever crustal processes were occurring (accumulation of crystals, fractional 
crystallization, magma mixing), whole rock compositions are nearly homogeneous, and 
crystal disequilibrium textures are the only record.  Although the lavas most likely 
experienced some degree of fractional crystallization, evident in the low Ni and Cr content 
compared with other Cascade primitive lavas (Figure 7), fractional crystallization cannot 
account for the minor geochemical differences found within the units.  The lack of 
predictable variation in many highly incompatible elements (i.e. Zr, Y, Nb – Figure 8) with 
silica clearly demonstrates this.  Zirconium remains nearly constant across a range of silica 
content in each of the units (Figure 8).  In the Lake Shannon samples, Nb (Figure 8) and Ta 
(Table 2) display incompatible behavior, but values in the other flow units are almost 
unchanging.  Relationships between the lavas cannot be explained by fractional 
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crystallization either.  No correlation exists between increasing silica content and any other 
element consistently across the range of all the units (Figures 6 & 8).   
 The texture of xenoliths (see Petrography and Mineral Chemistry) suggests that 
assimilation of exotic material plays an insignificant role in generating the geochemical 
signature of the flow units.  As previously mentioned, xenoliths have been noted in only one 
unit of this study, the basaltic andesite of Cathedral Crag.  The two types of xenoliths in this 
lava contain thin reaction rims; however, the boundaries are still very sharp, indicating a 
minimal amount of chemical exchange between the xenoliths and the magma.  Additionally, 
isotopic ratios do not reflect assimilation of crustal material.  The analyzed flows have 
relatively low Sr and Pb isotopic ratios, relatively high Nd isotopic ratios, and are 
comparable to other Cascade primitive lavas (Figure 11).   
Magma mixing and mingling seem to be likely candidates for the cause of the 
pervasive disequilibrium textures found in all of the units.  As previously discussed, obvious 
mingling textures exist in several Park Butte samples, but the two magmas lack chemical 
differences.  Further evidence of magma mingling is found in the Sulphur Creek unit.  
Inclusions of mafic lava (presumably basalt) are observed in a matrix of more felsic lava 
(presumably basaltic andesite) in both hand sample and thin section (basaltic andesite 
samples have phenocrysts of clino- and orthopyroxene, whereas basaltic samples do not).  
Green (1988) reported these same inclusions, and concluded they were a result of basaltic 
liquid mixing and subsequently quenching within the more felsic host lava.  As previously 
noted, this flow consists of a range of silica contents, with the more mafic, basaltic 
endmember being the focus of this study.  Clearly these endmembers co-mingled, most likely 
within the magma chamber prior to eruption (Green, 1988).   
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Although there is evidence in some units that magma mixing and mingling has 
occurred, there is also evidence that this mixing has not dramatically altered trace, REE, or 
some major element abundances.  Baggerman and DeBari (in press) have shown that mixing 
between Sulphur Creek basalt and Mount Baker dacite can effectively produce Sulphur 
Creek basaltic andesite compositions.  In this scenario, 70% basalt mixed with 30% dacite 
yields a close match with most major, trace, and REE compositions of the basaltic andesite.  
Even with a significant proportion of dacite, the chemistry of the Sulphur Creek basaltic 
andesite samples is comparable to that of the Sulphur Creek basalt for most elements 
(Figures 6, 8, 9, and 10).  This suggests that magma mixing has had a minimal impact on the 
composition of the lavas, and thus mantle source characteristics are still discernable.     
In summary, despite pervasive textural evidence for disequilibrium, these lavas 
appear to retain the chemical signature of their mantle-derived parents.  This is demonstrated 
by: 1) the lack of variation in many of the most highly incompatible elements, even in the 
units that have experienced olivine accumulation; 2) insignificant addition of crustal material 
and lack of an obvious crustal radiogenic source; and 3) the minimal difference observed in 
chemistry between lavas that are the result of mixing and their mafic endmember lavas, with 
significant addition by a felsic endmember.  This evidence combined suggests that distinct 
mantle source characteristics are still interpretable from the mafic units of this study.   
 
Characterization of Mantle Sources beneath the Mount Baker Volcanic Field 
Endmember Magma Types  
As previously discussed, studies of primitive magmas in the Cascade arc have been 
concentrated in the middle and southern Cascades, due to the much larger volumes of basalt 
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found in those segments.  The intensive study of primitive magmas in those segments has 
lead workers to define three endmember types of primitive magma; 1) a depleted and 
anhydrous LKOT, 2) an enriched, intraplate type OIB, and 3) a typical CAB, resulting from a 
fluid component addition to the mantle wedge source (e.g., Bacon et al. 1997; Borg et al. 
1997; 2000; Conrey et al. 1997; Grove et al. 2002; Leeman et al. 1990; 2005; Reiners et al. 
2000; Smith and Leeman, 2005).  Certain chemical criteria (based mainly on major and trace 
element chemistry) are specific to each endmember group, and these characteristics will be 
considered for the mafic magmas at Mount Baker.   
Of the three endmember magma types found elsewhere in the Cascades, those present 
at Mount Baker include an LKOT-like endmember and a calc-alkaline endmember.  None of 
the lavas of this study suggest the presence of an OIB endmember.  Additional endmembers 
found at Mount Baker, defined by chemical characteristics distinct from LKOT-like or calc-
alkaline endmembers, include high-Mg basaltic andesite (HMBA) and a second basaltic 
andesite (BA type 2). 
 
LKOT-like Endmember 
LKOT in the Cascades arc are characterized by a depleted chemical signature similar 
to MORB.  Major elements are distinct from other sources, in that they tend to have high Al 
(often >17% Al2O3) and Ca (many >11% CaO), but low K (generally <0.1% K2O) and Na 
(typically ~2.5% Na2O) (Bacon et al. 1997).  The Park Butte basalt fits these criteria, 
containing high Al and Ca but low K and Na compared to the other units (Figures 5 and 6).  
Thus the major element signature of this unit suggests an LKOT source. 
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Compatible trace element abundances in Cascade LKOT are distinct as well.  Nickel 
content is as high as ~200 ppm, while Cr is typically <400 ppm (Bacon et al. 1997).  While 
LKOT can range up to high values of these elements, they tend to be much more depleted in 
Ni and Cr than their primitive calc-alkaline counterparts (dashed fields in Figure 7).  The 
Park Butte samples fall within the primitive LKOT field of Figure 7, but have lower than 
average values of Ni and Cr compared to other Cascade LKOT.  This suggests that fractional 
crystallization may have affected this unit to some degree.     
Certain incompatible trace element abundances are particularly reflective of mantle 
source (i.e. Nb, Ta, Zr and Hf) and these values in Cascade LKOT are also similar to MORB.  
Cascade LKOT have distinct negative Nb and Ta anomalies, as well as highly depleted Zr 
and Hf (Bacon et al. 1997, see Mount Shasta LKOT in Figure 9).  Abundances of these 
elements in the Park Butte basalt are similar to MORB and other Cascade LKOT.  This flow 
contains the lowest trace element abundances of all the units in this study, suggesting again 
that a depleted LKOT source is responsible for its chemical signature. 
Other incompatible trace elements in Cascade LKOT differ from typical MORB.  
Cascade LKOT range from slightly LREE depleted to slightly LREE enriched.  LILE, such 
as Ba, Sr, Rb, and Pb, are more enriched in Cascade LKOT than in MORB (Figure 9).  This 
is true for the Park Butte basalt as well; however, LREE and LILE abundances in this flow 
unit are much higher than in typical Cascade LKOT (Figures 9 and 10).     
Trace element ratios are also useful for distinguishing between endmember lava types 
(i.e. Leeman et al. 1990; Bacon et al. 1997; Green and Sinha, 2005).  Two of the HFSE, Nb 
and Zr, have a slight difference in incompatibility; thus Nb/Zr can be used to demonstrate 
how a difference in incompatibility will produce variable compositions due to differences in 
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degree of partial melting.  Ba is a fluid-mobile element that is mainly contributed from a slab 
component, while Zr is principally derived from the mantle wedge source.  As LKOT lavas 
tend to be anhydrous (indicating little slab fluid contribution), this ratio is useful for 
distinguishing LKOT from calc-alkaline lavas that have a clear slab fluid contribution.  In 
Figure 14, the Park Butte basalt plots well within the calc-alkaline field, so clearly this 
endmember is not a typical LKOT. 
In summary, the Park Butte basalt has chemical characteristics that suggest it was 
derived from an LKOT-like source, but not a typical one.  Major, compatible trace, and some 
incompatible trace element abundances are similar to other Cascade LKOT (and therefore 
MORB), but other incompatible trace element abundances indicate it also contains a calc-
alkaline type signature.  The fact that this unit has the lowest overall abundances of trace 
elements suggests that it is either derived from the most depleted mantle source, or it is a 
result of the highest degrees of partial melting (see further discussion below).        
 
Calc-alkaline Endmember 
 Calc-alkaline lavas in the Cascade arc are similar to other lavas found in arcs 
worldwide.  This endmember is generally medium-K (Figure 5) and has higher silica content 
than LKOT.  CaO is much lower in Cascade calc-alkaline lavas than in Cascade LKOT, but 
MgO is typically comparable in these two endmembers (Bacon et al. 1997).  The Lake 
Shannon and Sulphur Creek basalts share all these major element characteristics with other 
Cascade calc-alkaline lavas (Figure 6). 
 Cascade primitive calc-alkaline basalts (CAB) have high Ni and Cr (see dashed fields 
in Figure 7).  The Lake Shannon and Sulphur Creek lavas fall within the spectrum of Ni and 
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Cr for other Cascade CAB, but they are much lower in abundance than the average 
composition.  This suggests that like the Park Butte basalt, these two units likely experienced 
some degree of fractional crystallization prior to melt segregation and eruption.   
 Like most calc-alkaline magmas worldwide, Cascade CAB are characterized by 
enrichment of LREE relative to HREE, and enrichment of LILE (Ba, Sr, Pb, Rb) relative to 
HFSE (Nb, Ta, Zr, Hf).  Ba/Zr tends to be high in these lavas, since Ba is fluid-mobile (as are 
all the LILE) and is transported through a slab component to the mantle wedge.  It is clear 
from trace element and REE patterns (Figures 9 and 10) as well as LILE/HFSE ratios (Figure 
14) that the Lake Shannon and Sulphur Creek units are typical calc-alkaline lavas. 
In summary, major and trace element characteristics confirm the calc-alkaline nature 
of the Lake Shannon and Sulphur Creek basalts.  These units have nearly identical 
incompatible trace element patterns (Figures 9 and 10), but abundances are higher in the 
Sulphur Creek samples.  This coupled with the fact that Lake Shannon samples have higher 
Ni and Cr (compatible trace elements) content suggests that these units were derived from the 
same source, but a higher degree of partial melting, or a lesser degree of fractionation 
generated the Lake Shannon unit. 
 
High-Mg Basaltic Andesite (HMBA) Endmember  
A third endmember type of lava present at Mount Baker, HMBA, is defined by 
chemistry distinct from the LKOT-like and calc-alkaline endmembers.  The Tarn Plateau 
high-Mg basaltic andesite shares some major and trace element characteristics with both the 
LKOT-like and calc-alkaline endmembers (Figures 5 through10), but there are notable 
exceptions.  MgO in this basaltic andesite is higher than both of the calc-alkaline basalts, and 
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Mg# of the Tarn Plateau is highest among all of the lavas.  While this unit displays the 
classic LREE and LILE enrichment of calc-alkaline lavas (Figures 9 and 10), the HREE are 
much more depleted than the Lake Shannon and Sulphur Creek units (Figure 10).  LREE 
abundances of Tarn Plateau and Lake Shannon actually overlap, but the Tarn Plateau HREE 
abundances are displaced to much lower values.  This difference requires the presence of an 
additional mantle source to generate the Tarn Plateau basaltic andesite, one that may contain 
residual garnet.  Since the HREE are compatible in garnet, this mineral retains HREE during 
partial melting, and could be responsible for the depleted HREE character of Tarn Plateau 
samples.   
 The HMBA endmember shares characteristics with high-Mg andesites (HMA) from 
other arcs worldwide, characterized by very high MgO content, typically >4 wt.% at 53-63 
wt.% SiO2 (e.g., Tatsumi, 2006).  This results in a very high Mg# in HMA lavas, often higher 
Mg# than in basalts from the same arc.  HMA typically contains less than 10% phenocrysts 
and lacks plagioclase as a dominant phase (Tatsumi, 2006; Grove et al. 2002; 2005).  This 
lava type has been studied in a variety of arcs, including the SW Japan Setouchi Belt 
(Tatsumi, 2006), the Adak region of the Aleutian arc (Kay, 1978) and the Cascade arc 
(Mount Shasta, Grove et al. 2005).   
Possible mechanisms for generation of HMA include partial slab melting, garnet 
fractionation, primary melts from the mantle, and magma mixing with lower crustal melting.  
Partial melting of the slab has been invoked to explain the occurrence of HMA (Kay, 1978; 
Defant and Drummond, 1990; Yogodzinski and Keleman, 1998; 2007; Yogodzinski et al. 
2001) because the temperature of the downgoing plate or overlying mantle wedge in some 
settings may be sufficient to induce plate melting.  Partial melting of the subducted basaltic 
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oceanic crust or sediment would result in a melt with higher silica than a mantle melt, and 
subsequent interaction and re-equilibration with the mantle would yield high Mg content.  
Residual garnet or amphibole in the subducted crust is called upon to explain the low HREE 
content of HMA lavas, as these minerals will retain HREE during melting.  A second 
hypothesis was suggested by Macpherson (2008), who concluded that basaltic mantle melts 
can stall in the lithosphere beneath the Moho in some arcs (e.g., East Philippine arc), well 
within the garnet stability field.  Fractionation of garnet can produce high silica and high-Mg 
melts, and will also generate steep REE patterns.  Grove et al. (2002) determined that HMA 
magmas at Mount Shasta were generated by slab fluid induced melting of depleted mantle 
and subsequent re-equilibration with hotter depleted mantle at shallow levels during 
ascension of the partial melts.  Finally, mixing between high-Mg basalt and a dacitic crustal 
melt is used to explain the occurrence of HMA at Glacier Peak in the Cascade arc (DeBari et 
al. 2005).  The dacitic endmember in this case is thought to be derived from deep crustal 
melting because the depleted HREE character of HMA can only be explained by the presence 
of garnet, which is stable only at high pressures.    
Similarities exist between the Tarn Plateau HMBA at Mount Baker and the HMA at 
Mount Shasta, which is a well studied occurrence of this lava type in the Cascade arc (Grove 
et al. 2002; 2005).  Both lavas have high Mg# (>60), and high MgO wt.% (>7%).  In both 
cases, HMAs are more primitive than LKOTs, because they have higher Mg#, Ni and Cr 
content (cf. Grove et al. 2002).  In addition, Sr/Y ratios are much higher in the HMA from 
both of these volcanic centers than in typical arc andesites/basaltic andesites (Figure 15).  
LREE abundances for both lavas are ~50x chondrites (Grove et al. 2002).   
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Key differences, however, are evident when comparing the Tarn Plateau and Mount 
Shasta HMA.  The Tarn Plateau HMBA is moderately to strongly porphyritic (25-40% 
phenocrysts), whereas the Mount Shasta HMA is much more aphyric, with only about 5-10% 
phenocrysts in most samples (Grove et al. 2002).  Plagioclase is a dominant phenocryst phase 
in the Tarn Plateau HMBA (25-40% plagioclase phenocrysts), whereas it is generally lacking 
in the Mount Shasta HMA (Baker et al. 1994).  The [Dy/Yb]N of the Tarn Plateau is ~2.1 
(very depleted HREE), but is much lower in the Mount Shasta HMA, at 1.2.  Finally, while 
the Mount Shasta HMA is a “true” andesite (>57 wt.% SiO2), Tarn Plateau HMBA is not 
(average 53.5 wt.% SiO2).   
Only one of the mechanisms previously described can sufficiently explain the 
generation of the Tarn Plateau HMBA.  Since these lavas are on the low end of the spectrum 
of silica content for HMA worldwide (Tatsumi, 2006) and are closer to basalt in composition, 
it is unlikely that partial melting of the downgoing plate has contributed to the production of 
this magma.  Melting of a source with residual garnet seems most likely due to the steep REE 
patterns observed in this unit; however, the depths of melting cannot be constrained.  If 
mixing were responsible, the Tarn Plateau should have chemical characteristics intermediate 
between two mixing endmembers.  On a Sr/Y versus Y diagram (Figure 15), andesites and 
dacites from Mount Baker (Baggerman and DeBari, in press) actually overlap basaltic 
compositions.  The dacitic endmember in a mixing scenario would need to plot at high values 
of Sr/Y and low values of Y to produce the Tarn Plateau compositions.  No such endmember 
exists, thus mixing between a high-Mg basalt and dacite can be ruled out.         
     In summary, the Tarn Plateau HMBA is an endmember distinct from the calc-
alkaline and LKOT-like units.  It shares characteristics with HMA both worldwide and 
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within the Cascade arc, but differences exist as well.  It does not appear that partial slab 
melting or mixing of a high-Mg basalt and dacite are responsible for generating this unit; 
rather, it is more likely that the Tarn Plateau HMBA is the result of fractionation from a high-
Mg basaltic parent, with some role for residual source garnet to explain the depleted HREE.   
 
Basaltic Andesite (Type 2) Endmember 
The fourth and final endmember lava is distinct from the LKOT-like, calc-alkaline 
and HMBA endmembers.  The Cathedral Crag basaltic andesite shares major element 
characteristics with the calc-alkaline endmember, but trace element characteristics with the 
HMBA endmember.  LREE and LILE are enriched in this unit (Figures 9 and 10), but HREE 
are the most depleted among the lavas.  This basaltic andesite can be distinguished from the 
Tarn Plateau high-Mg basaltic andesite because it has much lower MgO, Mg#, Ni and Cr 
(Figures 6 and 7), and is enriched in LREE but slightly more depleted in HREE relative to 
the Tarn Plateau HMBA (Figure 10).  The strongly depleted HREE character may be the 
result of residual garnet in the source (see discussion of Tarn Plateau HMBA).  It is probable 
that this unit has been modified to some extent by fractional crystallization or assimilation, as 
it is the least primitive (lowest Mg#, Ni and Cr) of all the lavas in this study.      
 
Isotopic Composition of Endmembers 
The isotopic compositions obtained for the Park Butte, Tarn Plateau, and Lake 
Shannon samples suggest a depleted mantle source for the three analyzed lavas, as Nd 
isotopic ratios are relatively high and Sr ratios are relatively low (indicating a source that is 
high in Sm and low in Rb).  Cascade primitive LKOT lavas typically have less radiogenic 
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87Sr/86Sr ratios than other primitive lavas for a given volcanic center (Schmidt et al. 2008).  
In the case of the Mount Baker mafic lavas, Tarn Plateau has the lowest 87Sr/86Sr ratios of the 
three flow units, whereas the more mafic sample from the Park Butte basalt (LKOT-like 
endmember) actually has the highest Sr ratio of the dataset (Figure 11).  Cascade primitive 
lavas typically have a positive correlation between 207Pb/204Pb and 206Pb/204Pb, but this is not 
true for the Park Butte lavas; the most mafic sample has higher 207Pb/204Pb but lower 
206Pb/204Pb (Figure 11). 
The inconsistency in isotopic ratio correlations across the sample set (particularly the 
enriched isotopic character of the more mafic sample from Park Butte), coupled with the 
limited range of samples precludes defining isotopic compositions particular to each 
endmember magma type.  Clearly the lavas are all derived from a mantle with depleted 
character.  There is some variability between the units, but not to the extent observed in trace 
element abundances.  The major and trace element chemistry of the magmas can clearly 
define endmember types, but isotopic compositions suggest that the mantle beneath Mount 
Baker lacks isotopically distinct reservoirs.     
 
Slab Components Responsible for Magma Generation 
The composition of arc magmas is dependent upon not only the mantle wedge source, 
but also upon the fluid contribution (in the form of hydrous fluids or silicate melts) from the 
subducted oceanic crust and the subducting sediment package.  Determining the extent to 
which subduction components influence magma generation has been an objective of the 
majority of studies of primitive magma in the Cascades (e.g., Baker et al. 1994; Bacon et al. 
1997; Borg et al. 1997; 2000; Conrey et al. 1997; Grove et al. 2002; Leeman et al. 1990; 
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2005; Reiners et al. 2000).  These studies also typically seek to specifically describe which 
slab component or components (i.e. altered oceanic crust or subducted sediment) has most 
influenced the magma petrogenesis in a given region.   
 The best petrogenetic indicators of the presence of slab components are the LILE (Rb, 
Ba, Sr, U, Pb), the LREE, and Th (Class et al. 2000; Hawkesworth et al. 1993; McCulloch 
and Gamble, 1991; Plank, 2005).  The LILE are mobile in fluids, and are therefore 
transferred from the subducting slab to the mantle wedge as the slab is heated and dehydrated 
during subduction (Hawkesworth et al. 1993; McCulloch and Gamble, 1991).  High 
abundances of these elements relative to primitive mantle (Figure 9) are associated with the 
typical calc-alkaline signature found in arc lavas.   
 The extent to which each mafic flow unit at Mount Baker has been affected by slab 
fluids can be assessed by utilizing LILE/HFSE ratios.  The HFSE are fluid-immobile, and are 
thought to be left behind when a hydrous phase is transferred from the slab (Brenan et al. 
1994).  As such, samples with the highest LILE/HFSE ratios have been most affected by 
addition of slab fluids.  Borg et al. (1997) used primitive-mantle-normalized Sr/P ratios 
[(Sr/P)N] as a proxy for the degree of slab fluid enrichment in primitive magmas from the 
Lassen region in the southern Cascade arc.  These two similarly incompatible elements come 
from different source components: P is incompatible in the mantle and will largely be added 
during partial melting, while Sr is highly fluid-mobile and is added in greater abundances 
from dehydration of the subducting slab.  Ba/Nb ratios can be utilized in much the same way 
as the (Sr/P)N ratios; Ba is a highly fluid-mobile LILE, while Nb is a non-fluid-mobile HFSE 
whose abundance in magmas is generally contributed from the mantle component.  Thus, the 
highest values of (Sr/P)N and Ba/Nb indicate the greatest degree of slab fluid enrichment.  
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An excellent correlation between the lavas can be seen in a plot of Ba/Nb versus 
(Sr/P)N (Figure 16).  Lake Shannon and Sulphur Creek basalts appear to have been least 
modified by a slab fluid component, while Cathedral Crag and Tarn Plateau basaltic 
andesites appear to have been most modified by slab fluids.  Interestingly, the lava with the 
most LKOT-like signature, Park Butte basalt, falls between the other units.  The relative 
enrichment of a slab component in the lavas is also consistent with the estimates of pre-
eruptive H2O content from the exchange of Ca-Na between plagioclase and liquid (Figure 
12); estimated H2O content generally increases with (Sr/P)N (Figure 16).  The correlation 
between estimated H2O content and (Sr/P)N also coincides with the endmember lava types: 
Tarn Plateau and Cathedral Crag (HMBA and basaltic andesite) have the highest estimated 
H2O content as well as the highest (Sr/P)N, Park Butte has intermediate estimated H2O 
content and average (Sr/P)N (relative to the other units), and Lake Shannon and Sulphur 
Creek (calc-alkaline) have the lowest estimated H2O content and (Sr/P)N ratios.  These results 
are unusual, since calc-alkaline lavas typically have the strongest slab fluid signature.  It is 
evident that variable influence of the slab component is partially responsible for the distinct 
character of each endmember magma type.  
Constraining the degree to which different slab components are responsible for 
magma generation is a more difficult task.  Workers often call upon isotopic compositions to 
distinguish between slab contributions from altered oceanic crust versus the subducted 
sediment package.  Values of 206Pb/204Pb and 207Pb/204Pb in the units from Mount Baker 
generally plot outside but somewhat near the field for Juan de Fuca MORB (Figure 11), 
which constitutes the subducting oceanic crust in the Cascade arc.  Since these values are 
more radiogenic than expected for the oceanic crust, Pb isotopes suggest that fluids from the 
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subducting sediment likely contribute to the generation of the magmas.  The fact that these 
values plot near the Juan de Fuca MORB field also imply that a small degree of fluid flux 
from the subducting altered oceanic crust may be present.  Thus, it appears that fluid input 
from both the subducted sediment and oceanic crust contributed to these magmas.     
 Ba/Th versus chondrite-normalized La/Sm was used by Elliott (2003) to distinguish 
between fluids from altered oceanic crust (AOC) and sediment addition (Figure 17).  Elliott 
(2003) determined that arcs worldwide trend toward either increasing values of Ba/Th at low 
values of (La/Sm)N, which is characteristic of an AOC fluid addition, or to increasing values 
of (La/Sm)N at low values of Ba/Th, which is characteristic of sediment addition.  Like other 
Cascade primitive lavas, the mafic lavas from Mount Baker trend more strongly towards 
addition of sediment (Figure 17).  AOC fluids may also play a small role in the generation of 
the Mount Baker mafic lavas, as the Park Butte basalt samples are displaced slightly toward 
higher Ba/Th.   
 
Modeling Mantle and Slab Contributions 
Mantle Partial Melt REE Models  
Since there are clear distinctions in geochemistry between the endmember magma 
types at Mount Baker, the problem of how to explain this variability arises.  Previous studies 
of the Cascade arc have utilized partial melt modeling to quantify the chemistry of both the 
mantle source and slab components that contribute to magma generation (Borg et al. 1997; 
Grove et al. 2002).  In this section, mantle partial melt modeling is used to constrain the 
mineralogical and chemical characteristics of the distinct mantle sources that are generating 
the various endmember magmas at this volcanic center.   
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Some hypotheses can be proposed based on the insights already provided by the 
geochemistry of the Mount Baker mafic lavas.  Because magmatism has occurred in this area 
intermittently since the Cretaceous period, it is probable that the mantle source beneath 
Mount Baker is depleted (from previous melt extraction).  This would suggest a mantle of 
harzburgitic composition, rather than lherzolitic composition.  The Tarn Plateau HMBA and 
Cathedral Crag lavas have strongly depleted HREE character which does not exist in the 
LKOT-like of Park Butte and calc-alkaline lavas of Lake Shannon and Sulphur Creek.  
HREE depletion of this nature requires the presence of residual garnet in the source for Tarn 
Plateau and Cathedral Crag.  Modeling partial melts from a hypothetical mantle of depleted 
chemistry with and without garnet can test the validity of these hypotheses.   
Equilibrium, or batch melting, is assumed in this model because it is consistent with a 
fluid-flux-induced melting process.  In this type of melting, the partial melt continuously 
reacts and re-equilibrates with the residual crystalline solid, and melt is segregated in a single 
event.  Modal melting (where minerals contribute elements to partial melts in the same 
proportions as they appear in the solid) is also assumed in this case to reduce the number of 
unknown variables, and because the melting proportion of each mineral cannot be 
constrained by temperature or pressure estimates.  The batch modal melting equation is 
defined as 
CL = Co/[D + F(1 – D)] 
where CL is the concentration of a trace element in the liquid, Co is the initial concentration 
of the trace element in the melting solid, D is the bulk distribution coefficient of the trace 
element in the melt, and F is the fraction of melt produced during partial melting.   
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Co can be approximated with mantle peridotite compositions reported by previous 
studies.  Partition coefficients for REE in olivine, clinopyroxene, orthopyroxene, garnet and 
spinel in basalt and basaltic andesite liquids (Table 10a) were compiled from several 
references (reported in Table 10a), and these, along with the assumed mantle mineralogies 
described below, were used to calculate the bulk D for each REE.  The depleted MORB 
mantle (DMM) composition from Workman and Hart (2005) was used to model melting of a 
depleted initial mantle wedge source (Table 10b).  Partial melting was modeled at various 
melt fractions to determine which modeled REE pattern best fit the most primitive REE 
pattern from each flow unit (samples NM-PB8, NM-CC5, NM-TP6, NM-LS6, and NM-
SC5).  Best fit was determined by dividing the modeled HREE compositions by the 
measured HREE values from each sample (for each respective HREE), and was established 
as the melt fraction in which these ratios most closely approached values of 1 (Figures 18 and 
19).  Modeled compositions are reported in Table 10b.  Because the LREE are largely added 
by subducting sediment, the focus of this melt modeling is to most closely approximate the 
HREE compositional patterns of the lavas, since the HREE are derived from melting of the 
mantle component.   
 Melting of a spinel harzburgite mantle source with the assemblage Ol + Cpx + Opx + 
Spl in the proportions 76:5:15:4 can effectively model the average HREE pattern of the Park 
Butte (LKOT-like) lava and the Lake Shannon and Sulphur Creek (calc-alkaline) lavas 
(Figure 18).  The melt fractions required to produce these HREE abundances are 5% for 
Sulphur Creek, 6% for Lake Shannon, and 10% for Park Butte.  Variation in melt fraction is 
the most logical explanation for the similarly shaped HREE pattern at different HREE 
abundances seen in these three units; however, a variable depleted mantle source cannot be 
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ruled out.  The success of this model suggests that the Park Butte, Lake Shannon, and 
Sulphur Creek lavas were all derived from a spinel harzburgite depleted mantle source.   
 A garnet harzburgite source with the assemblage Ol + Cpx + Opx + Grt in the 
proportions 73:5:20:2 at 7% partial melting can effectively model the average HREE pattern 
of the Tarn Plateau (HMBA) and Cathedral Crag (basaltic andesite) lavas (Figure 19).  
Garnet, rather than spinel, is a necessary component in this model to successfully reproduce 
the more depleted HREE character seen in these lavas.  Since the HREE pattern of the 
average composition from these two units is very similar, a different melt fraction is not 
required for the best-fit model in this case.   
 Figures 18 and 19 clearly show that although the HREE patterns of the units are well 
reproduced, the LREE patterns do not match the best-fit models for either the spinel or garnet 
source.  Again, this is likely due to a contribution from the subducting slab.  The LREE are 
largely contributed by sediment addition, which has already been demonstrated as the 
predominant slab contribution (Figure 17), particularly for the Tarn Plateau and Cathedral 
Crag lavas. 
The obvious problem with a model that uses identical melt fractions to explain the 
generation of two different endmembers is that the basaltic andesite lavas share very similar 
silica content but radically different Mg#, MgO Ni and Cr content (Figure 6 and 7).  
Fractionation of a different mineral assemblage can account for this discrepancy.  Olivine is 
the first phase to crystallize in magma at shallow crustal depth (lower pressures), and will 
dramatically decrease the MgO and Ni content of the remaining melt.  Pyroxenes begin to 
crystallize at deeper crustal levels (higher pressures) than olivine, and do not decrease the 
abundance of MgO or Ni as dramatically as olivine, but will decrease Cr content (Muntener 
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et al. 2001).  If Tarn Plateau magmas began fractionating at the high pressure of a deep 
crustal regime, the crystallization sequence would initially include pyroxenes but not olivine. 
In turn, Cathedral Crag magmas could have begun crystallizing at shallower crustal levels, 
fractionating olivine as well as pyroxenes.  This would explain the higher Mg#, MgO and Ni 
content of the Tarn Plateau basaltic andesite as compared to the lower abundances seen 
Cathedral Crag basaltic andesite (Figures 6 & 7).  Cr content of Cathedral Crag magmas 
(Figure 7) is also low, suggesting this unit experienced a greater degree of fractionation than 
the Tarn Plateau HMBA as well as a different fractionating assemblage.  In summary, 
differences in depth and degree of fractionation are presumably responsible for the 
geochemical variability between the Tarn Plateau HMBA and Cathedral Crag lavas.              
Fractionation of different mineral assemblages at various crustal levels can also 
explain the geochemical variability between the LKOT-like endmember and the calc-alkaline 
endmembers.  Park Butte and Lake Shannon magmas may have fractionated pyroxenes at 
deeper crustal levels, while Sulphur Creek magmas crystallized olivine and pyroxenes at 
shallower depths.  This would explain the higher MgO and Ni content of Park Butte and 
Lake Shannon lavas.  Variation in silica content also suggests that these three flows 
experienced different degrees of fractionation.  In summary, differences in degree of partial 
melting, as well as depth and degree of fractionation are the most likely sources of the 
geochemical variability seen in the LKOT-like and calc-alkaline endmembers.    
 
Slab Fluid Contribution REE Models 
It is possible to model the REE composition of the slab component as well, following 
the assumption that the trace element composition of the magma is derived from only two 
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components: a mantle partial melt and a hydrous subduction fluid.  Following the method of 
Grove et al. (2002), a mass balance equation can be used to calculate the concentration of 
each trace element contributed by the slab fluid, and is defined as 
Cf = (Clava – XmCm)/(Xf)    
Where Cf is the concentration of the trace element contributed by the slab fluid, Clava is the 
concentration of the trace element in the lava (Table 2), Cm is the concentration of the trace 
element contributed by the mantle partial melt (from melt modeling above), Xm is the weight 
fraction of the lava derived from the mantle melt, and Xf is the weight fraction of the lava 
that was contributed by a subduction fluid component (Table 10b).  H2O contents estimated 
by Ca-Na exchange in plagioclase-liquid (Figure 12, see Intensive Parameters discussion) 
can be used as an approximation of Xf (2% for Lake Shannon and Sulphur Creek, 3% for 
Park Butte, 4% for Tarn Plateau, and 4.5% for Cathedral Crag).  Cm has been estimated by 
the batch modal partial melt modeling discussed above. 
The REE abundances of the subduction fluid component for all the lavas are 
illustrated in Figures 18 and 19.  There is a broad range in the composition of the fluid 
component.  All the slab fluid components are enriched in LREE and depleted in HREE.  
This is further evidence that sediment is the predominant slab contribution to generating the 
lavas, since the LREE are largely added from subducted sediment rather than altered oceanic 
crust. 
Grove et al. (2002) described two different subduction fluid components for Mount 
Shasta primitive lavas based on calculated isotopic characteristics: one with a MORB-like 
(oceanic crust) composition, and one similar to subducted sediment.  Grove et al. (2002) 
calculated fluid compositions from each of these groups at Mount Shasta, which are plotted 
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on Figures 18 and 19 to determine if any correlation exists between calculated fluids from 
Mount Shasta and calculated fluids in this study.  While quantitative comparisons cannot be 
made between the Mount Baker and Mount Shasta fluid components due to differences in 
relative abundance of REE, qualitative comparisons are possible.  The Mount Baker fluid 
composition patterns appear to be intermediate between the sediment and MORB estimated 
fluid compositions from Mount Shasta.  It appears that a mix of the two fluid types, MORB 
and sediment derived, could produce the patterns seen in the calculated Mount Baker fluid 
components as well.    
 
Summary Model of Mafic Magma Evolution at Mount Baker  
The schematic illustration in Figure 20 summarizes the evolution of mafic magmas at 
Mount Baker.  As the Juan de Fuca plate subducts, varying degrees of a primarily sediment-
derived slab component infiltrate the mantle wedge beneath the volcano.  This slab flux 
assists in melting two distinct mantle sources: a depleted spinel harzburgite and a depleted 
garnet harzburgite.  This melting occurs at various fractions, and the resulting melts stall at 
different levels in the crust as they ascend.  Differentiation at a range of pressures to different 
degrees produces magmas with diverse chemistry, resulting in the four endmember lava 
types observed at Mount Baker: LKOT-like, calc-alkaline, HMBA and a second basaltic 
andesite.     
  
Flow Age Correlation with Mantle and Slab Indicators 
  An interesting correlation exists between age of the units and certain petrogenetic 
indicators (Sr/Y and (Sr/P)N, Figure 21).  The LKOT-like Park Butte is the oldest unit, and 
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has intermediate values of both mantle- and slab-influenced trace element ratios.  The Tarn 
Plateau and Cathedral Crag basaltic andesites are intermediate in age among the units, but 
have the highest values of these ratios (Figure 21).  The Lake Shannon and Sulphur Creek 
lavas are youngest and have the lowest abundances of Sr/Y and (Sr/P)N.  This correlation 
suggests that different mantle and slab sources are being tapped at different times over the 
life of the Mount Baker volcanic field.  Initially, a depleted spinel harzburgite mantle with a 
moderate slab component was responsible for generation of mafic magma (LKOT-like Park 
Butte).  Over time, an additional mantle source with residual garnet and a larger contribution 
from slab fluids became the primary input for magma petrogenesis (Tarn Plateau HMBA and 
Cathedral Crag basaltic andesite).  Most recently, depleted spinel harzburgite has become the 
dominant mantle source contributing to magma generation, with the lowest degree of slab 
input over the life of mafic volcanism (Lake Shannon and Sulphur Creek).  These various 
sources may be tapped simultaneously, but there is a lack of mafic eruptive products with 
depleted spinel harzburgite character of intermediate age.          
 
SUMMARY AND CONCLUSIONS 
 The chemical and petrologic characteristics of five mafic lava units from the Mount 
Baker volcanic field in the northern Cascade arc reveal a diversity of near-primitive 
compositions that require distinct mantle sources and varying subducting slab influence to 
explain their petrogenesis.  These lavas have also been variably affected by ascent through 
the continental crust.  
Pervasive disequilibrium textures present in all of the lavas as well as a lack of 
equilibrium between the whole rock and mineral compositions indicate that crustal processes 
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such as accumulation of olivine, crystal fractionation, and magma mixing have modified the 
magmas.  The evidence cannot clearly point to one process or another, but some combination 
of these processes must be invoked to explain the disequilibrium in the lavas.  However, 
mantle source characteristics are interpretable, evidenced by the lack of variation in many of 
the most highly incompatible elements (even in lavas that experienced olivine accumulation), 
insignificant addition of crustal material, lack of an obvious crustal radiogenic source, and 
minimal chemical differences between lavas that are the result of mixing and their mafic 
endmembers.   
 Four distinct endmember lava types are represented by the mafic units of this study.  
These include LKOT-like, calc-alkaline, HMBA, and a second type of basaltic andesite.  The 
first type, the LKOT-like basalt of Park Butte, has major element and some trace element 
characteristics similar to other LKOT found in the Cascades, but is more enriched in LILE 
than typical LKOT (similar to the calc-alkaline lavas).  The second type, the calc-alkaline 
basalts of Lake Shannon and Sulphur Creek, has geochemical characteristics of calc-alkaline 
lavas from arcs worldwide, with strong enrichment of LILE relative to HFSE that signifies 
influence from the subducting slab.  The third type, the high-Mg basaltic andesite of Tarn 
Plateau, shares similarities with the calc-alkaline endmember, but is more strongly depleted 
in HREE.  It has both the highest silica and highest Mg# of all the units, and thus shares 
characteristics with HMA worldwide.  The final endmember type, the basaltic andesite of 
Cathedral Crag, also shares characteristics with the calc-alkaline endmember, but it much 
more depleted in HREE.  It can be distinguished from the Tarn Plateau HMBA by its much 
lower MgO content and Mg#.   
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 The LKOT-like basalt of Park Butte is the result of partial melting of a depleted 
spinel harzburgite mantle that was moderately fluxed by a subduction component.  The calc-
alkaline basalts of Lake Shannon and Sulphur Creek units appear to be derived from the 
same mantle source, but at lower degrees of partial melting (due to the greater trace element 
abundances of these flows) and with a smaller contribution from the subducting slab as 
evidenced by lower values of slab fluid indicators such as Ba/Nb and (Sr/P)N.  The increase 
in silica as modeled melt fraction decreases between these flow units suggests that they have 
also experienced varying amounts of differentiation. 
 The generation of the high-Mg basaltic andesite of Tarn Plateau and the basaltic 
andesite of Cathedral Crag both require a depleted garnet harzburgite mantle source.  
Although trace elements suggest that they are derived by similar extents of partial melting, 
crystallization of different mineral assemblages at different crustal pressures must be invoked 
to explain the discrepancy in the MgO content and Mg# between these units.  These lavas 
also appear to have been most affected by a slab component, to slightly different degrees.   
 The temporal relationship of the various endmembers can be correlated with several 
petrogenetic indicators.  This suggests that the different mantle sources beneath Mount Baker 
have been tapped at different times throughout the history of mafic volcanism in this region, 
and that these mantle components are variably fluxed by a subduction component over time 
as well.  Clearly the mantle wedge beneath Mount Baker is quite heterogeneous to generate 
mafic magmas of such distinct chemical character.  
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Table 1. Summary of Petrography and Mineral Chemistry  
Flow Modal Abundance Mineral Modes Size Range Disequilibrium Textures 
Ol 
Mg# 
Cpx 
Mg# 
An 
Plag 
Park 
Butte 
Basalt 
Phenocrysts: 35-40% 
Ol: 50-65% 0.3-3.8 mm Emb rims, alt in fractures 66-82 
70-81 37-78 Cpx: ~1% 0.2-1.3 mm Emb rims 
Plag: 35-45% 0.2-2.3 mm Sieved, norm & oscillatory zoning 
Groundmass: 60-65% 
Above + oxides, 
opx & tr apatite 
20-600 μm None observed 57-58 63-75 59 
Cathedral 
Crag 
Basaltic 
Andesite 
Phenocrysts: 25-35% 
Ol: 5-10% 0.2-2.5 mm Severe resorp & emb rims 
70-74 74-88 39-86 Cpx: 13-20% 0.3-2.4 mm Emb rims, resorbed cores, rev zoning 
Plag: 70-80% 0.2-3.1 mm Emb rims, sieved cores, norm zoning 
Groundmass: 65-75% 
Above + oxides, 
opx, tr baddeleyite 
15-600 μm Felsic xenoliths in hand sample NA 76 62-64 
Tarn 
Plateau 
Basaltic 
Andesite 
Phenocrysts: 25-40% 
Ol: 10-20% 0.2-3.2 mm Severely emb rims, alt in fractures 
77-85 78-87 67-88 Cpx: 45-65% 0.2-3.0 mm Emb rims, sieved cores, norm zoning 
Plag: 25-40% 0.2-4.8 mm Resorp, sieved cores, norm zoning 
Groundmass: 60-75% 
Above + opx, 
oxides 
10-400 μm None observed NA 70 47-62 
Lake 
Shannon 
Basalt 
Phenocrysts: 30-35% 
Ol: 30-35% 0.1-2.2 mm Resorbed cores, fractured & emb rims 
78-81 
NA, 
rare 55-65 Cpx: <2% 0.1-0.2 mm None observed 
Plag: 60-70% 0.1-3.2 mm Emb sieved cores, norm & rev zoning  
Groundmass: 65-70% 
Above + oxides, tr 
baddeleyite 
10-500 μm None observed 70 43-69 56-57 
Sulphur 
Creek 
Basalt 
Phenocrysts: 15-25% 
Ol: 20-35% 0.1-1.1 mm Resorbed cores, severely emb rims 
70-85 
NA, 
rare 48-65 Cpx: <1% 0.2-1.1 mm Near total absorption where occur 
Plag: 65-80% 0.2-4.1 mm Sieved cores, emb rims, rev zoning 
Groundmass: 75-85% 
Above + opx, 
oxides 
10-400 μm None observed 64 70-75 44-59 
Abbreviations: Ol – olivine, Cpx – clinopyroxene, Opx, orthopyroxene, Plag – plagioclase, Tr – trace, Emb – embayed, Norm – normal, Rev – reverse, Alt -  
altered, Resorp – resorption, NA – none analyzed.  Ol Mg# (Mg/(Mg+FeT) is equivalent to Fo (forsterite) content from Table 2.  
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Table 2. Whole Rock Major and Trace Element Data
Unit Park Butte Park Butte Park Butte Park Butte Park Butte Park Butte
Sample NM-PB1 NM-PB2 NM-PB3 NM-PB5 NM-PB6 NM-PB7
Major Elements (wt.%)
SiO2 50.07 49.45 49.25 49.91 50.05 50.32
TiO2 1.076 1.064 1.039 1.063 1.041 1.089
Al2O3 17.13 17.30 17.17 16.93 17.10 17.19
FeO* 9.42 9.66 9.59 9.15 9.39 9.33
MnO 0.164 0.168 0.163 0.166 0.165 0.167
MgO 8.09 8.14 8.17 8.16 8.38 7.96
CaO 9.29 9.17 9.27 9.19 9.21 9.37
Na2O 3.24 3.21 3.20 3.16 3.23 3.29
K2O 0.46 0.45 0.42 0.45 0.44 0.47
P2O5 0.163 0.150 0.180 0.160 0.155 0.164
Total 99.09 98.76 98.45 98.33 99.17 99.35
Mg# 64.30 63.85 64.13 65.15 65.18 64.15
Trace Elements by XRF (ppm)
Ni 67 67 67 65 69 64
Cr 250 253 251 235 257 240
V 190 174 181 192 185 195
Ga 16 17 17 18 18 18
Cu 37 24 33 26 25 28
Zn 85 82 85 79 82 82
Trace Elements by ICP-MS (ppm)
La 8.39 8.04 7.28 7.81 8.08 8.23
Ce 18.99 18.49 17.33 18.44 18.21 19.01
Pr 2.76 2.63 2.44 2.60 2.66 2.70
Nd 12.34 11.88 10.99 11.66 11.97 12.14
Sm 3.21 3.16 2.88 3.08 3.06 3.15
Eu 1.21 1.17 1.12 1.15 1.17 1.17
Gd 3.81 3.53 3.29 3.53 3.57 3.60
Tb 0.64 0.63 0.59 0.62 0.63 0.63
Dy 4.11 4.01 3.74 3.98 4.03 4.05
Ho 0.85 0.85 0.80 0.85 0.86 0.87
Er 2.37 2.36 2.22 2.34 2.32 2.37
Tm 0.35 0.34 0.33 0.35 0.34 0.35
Yb 2.17 2.11 2.02 2.13 2.16 2.18
Lu 0.34 0.33 0.32 0.34 0.33 0.35
Ba 202 207 200 202 207 212
Th 0.62 0.63 0.60 0.64 0.60 0.65
Nb 2.81 2.74 2.58 2.78 2.64 2.81
Y 21.88 21.38 19.85 21.20 21.26 21.66
Hf 2.07 2.03 1.92 2.07 1.96 2.10
Ta 0.19 0.17 0.17 0.18 0.18 0.18
U 0.25 0.24 0.21 0.25 0.24 0.26
Pb 2.06 1.64 2.26 1.68 1.79 1.79
Rb 5.2 4.8 4.9 5.4 5.6 5.4
Cs 0.06 0.05 0.13 0.06 0.05 0.07
Sr 506 521 500 491 499 508
Sc 28.6 28.3 29.8 30.1 30.0 29.5
Zr 77 76 72 77 73 77
All analyses performed at the WSU GeoAnalytical Lab.  Fe is reported as all FeO*.  Mg# = Mg/(Mg+Fe2+), Fe2+ is
calculated as 0.85 FeO*. For details on accuracy, see Analytical Methods section.
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Table 2. Whole Rock Major and Trace Element Data
Unit Park Butte Park Butte Cathedral Crag Cathedral Crag Cathedral Crag Cathedral Crag
Sample NM-PB8 NM-PB10 NM-CC1 NM-CC2 NM-CC5 NM-CC6
Major Elements (wt.%)
SiO2 49.59 49.73 52.46 52.58 52.16 52.48
TiO2 1.013 1.060 1.134 1.137 1.053 1.135
Al2O3 17.32 17.01 20.10 20.21 20.03 20.09
FeO* 8.90 9.08 6.42 6.39 6.32 6.40
MnO 0.161 0.165 0.113 0.110 0.112 0.113
MgO 8.18 7.86 3.97 3.77 4.17 3.81
CaO 9.29 9.29 9.32 9.44 9.51 9.33
Na2O 3.20 3.18 3.83 3.83 3.70 3.87
K2O 0.42 0.45 0.98 0.98 0.94 0.98
P2O5 0.149 0.160 0.332 0.333 0.315 0.334
Total 98.24 97.98 98.66 98.78 98.31 98.54
Mg# 65.84 64.48 56.44 55.27 58.07 55.51
Trace Elements by XRF (ppm)
Ni 65 64 20 19 25 19
Cr 243 233 23 24 28 22
V 182 188 201 205 191 205
Ga 17 18 20 19 19 19
Cu 26 25 44 41 45 31
Zn 77 78 69 69 68 70
Trace Elements by ICP-MS (ppm)
La 7.62 8.05 14.81 16.99 16.11 17.06
Ce 17.67 18.81 33.05 37.75 36.45 38.23
Pr 2.49 2.67 4.53 5.16 4.97 5.24
Nd 11.17 11.91 19.14 21.90 21.13 21.94
Sm 2.93 3.12 4.11 4.72 4.48 4.75
Eu 1.11 1.18 1.33 1.51 1.46 1.52
Gd 3.31 3.60 3.55 4.09 4.00 4.22
Tb 0.58 0.62 0.54 0.61 0.60 0.63
Dy 3.64 3.99 3.11 3.59 3.45 3.64
Ho 0.79 0.84 0.61 0.71 0.68 0.71
Er 2.17 2.33 1.62 1.85 1.80 1.85
Tm 0.32 0.34 0.23 0.26 0.25 0.26
Yb 2.04 2.14 1.38 1.61 1.53 1.62
Lu 0.32 0.34 0.21 0.25 0.24 0.25
Ba 203 207 403 430 405 431
Th 0.66 0.63 1.63 1.86 1.84 1.90
Nb 2.64 2.81 4.23 4.81 4.61 4.87
Y 19.98 21.50 15.65 17.98 17.16 18.07
Hf 1.92 2.08 2.28 2.56 2.51 2.61
Ta 0.17 0.19 0.25 0.27 0.27 0.27
U 0.27 0.25 0.55 0.63 0.63 0.65
Pb 1.79 1.67 2.94 3.93 3.36 3.74
Rb 5.7 5.4 9.9 11.3 12.1 11.6
Cs 0.07 0.05 0.09 0.10 0.15 0.12
Sr 499 511 1051 1211 1206 1227
Sc 28.3 30.3 17.7 20.6 20.7 21.2
Zr 72 77 87 99 97 100
All analyses performed at the WSU GeoAnalytical Lab.  Fe is reported as all FeO*.  Mg# = Mg/(Mg+Fe2+), Fe2+ is
calculated as 0.85 FeO*. For details on accuracy, see Analytical Methods section.
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Table 2. Whole Rock Major and Trace Element Data
Unit Cathedral Crag Tarn Plateau Tarn Plateau Tarn Plateau Tarn Plateau Tarn Plateau
Sample NM-CC7 NM-TP1 NM-TP2 NM-TP3 NM-TP4 NM-TP5
Major Elements (wt.%)
SiO2 52.86 51.81 53.97 53.60 53.90 53.91
TiO2 0.849 0.951 0.919 0.905 0.922 0.913
Al2O3 16.71 17.09 16.17 15.84 16.15 16.10
FeO* 6.75 7.47 6.92 7.02 6.95 6.92
MnO 0.119 0.138 0.129 0.134 0.131 0.131
MgO 8.31 7.63 7.35 7.79 7.03 7.38
CaO 9.10 8.91 9.47 9.76 9.41 9.57
Na2O 3.18 2.70 2.89 2.80 2.94 2.89
K2O 0.90 0.73 0.95 0.86 0.95 0.94
P2O5 0.241 0.184 0.184 0.178 0.184 0.183
Total 99.00 97.61 98.95 98.89 98.57 98.93
Mg# 72.08 68.18 69.02 69.94 67.99 69.11
Trace Elements by XRF (ppm)
Ni 159 59 56 61 52 55
Cr 267 201 198 233 176 200
V 157 162 180 181 181 182
Ga 17 17 16 17 17 17
Cu 38 58 40 43 36 46
Zn 65 73 65 67 65 68
Trace Elements by ICP-MS (ppm)
La 13.96 11.95 12.81 12.67 12.40 12.30
Ce 31.38 28.61 29.24 28.61 28.34 27.99
Pr 4.25 3.89 4.00 3.96 3.86 3.83
Nd 17.89 16.41 16.84 16.77 16.24 16.23
Sm 3.90 3.73 3.76 3.74 3.62 3.62
Eu 1.27 1.25 1.23 1.21 1.22 1.19
Gd 3.48 3.61 3.60 3.65 3.46 3.52
Tb 0.53 0.59 0.58 0.57 0.56 0.57
Dy 3.08 3.56 3.47 3.47 3.34 3.41
Ho 0.61 0.70 0.71 0.70 0.66 0.70
Er 1.60 1.88 1.89 1.89 1.81 1.84
Tm 0.23 0.28 0.27 0.27 0.26 0.27
Yb 1.42 1.70 1.68 1.65 1.64 1.64
Lu 0.22 0.27 0.26 0.26 0.25 0.26
Ba 320 378 350 322 333 330
Th 1.91 2.30 2.16 2.08 2.12 2.10
Nb 3.77 3.81 3.58 3.39 3.50 3.47
Y 15.56 17.63 18.05 18.16 17.40 17.60
Hf 2.54 3.18 2.98 2.83 2.88 2.90
Ta 0.23 0.26 0.24 0.23 0.23 0.23
U 0.66 0.81 0.78 0.72 0.70 0.74
Pb 2.68 3.83 3.51 3.31 3.16 3.38
Rb 12.6 8.5 12.4 10.1 11.6 11.9
Cs 0.18 0.22 0.20 0.22 0.17 0.23
Sr 932 771 854 853 858 846
Sc 22.3 28.4 25.8 26.7 26.4 26.9
Zr 98 114 107 103 105 104
All analyses performed at the WSU GeoAnalytical Lab.  Fe is reported as all FeO*.  Mg# = Mg/(Mg+Fe2+), Fe2+ is
calculated as 0.85 FeO*. For details on accuracy, see Analytical Methods section.
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Table 2. Whole Rock Major and Trace Element Data
Unit Tarn Plateau Lake Shannon Lake Shannon Lake Shannon Lake Shannon Lake Shannon Sulphur Creek
Sample NM-TP6 NM-LS1 NM-LS2 NM-LS3 NM-LS4 NM-LS6 NM-SC1
Major Elements (wt.%)
SiO2 53.90 51.31 52.48 52.55 52.15 50.70 51.24
TiO2 0.895 1.463 1.439 1.446 1.451 1.420 1.620
Al2O3 15.74 17.76 17.87 17.89 17.68 17.91 17.34
FeO* 6.94 8.50 8.08 8.17 8.19 8.33 8.50
MnO 0.132 0.157 0.150 0.151 0.154 0.155 0.164
MgO 7.88 6.36 5.28 5.42 5.71 6.42 5.39
CaO 9.66 8.84 8.02 8.06 8.27 8.81 8.24
Na2O 2.83 4.08 4.24 4.26 4.22 3.91 4.36
K2O 0.91 0.64 0.88 0.83 0.83 0.55 0.86
P2O5 0.176 0.281 0.306 0.300 0.298 0.273 0.429
Total 99.06 99.41 98.74 99.08 98.94 98.48 98.15
Mg# 70.42 61.08 57.80 58.18 59.39 61.77 57.08
Trace Elements by XRF (ppm)
Ni 63 85 62 63 70 90 38
Cr 234 164 115 118 138 170 93
V 176 178 166 163 168 173 202
Ga 17 18 18 18 19 17 17
Cu 40 60 58 50 67 69 38
Zn 65 76 77 77 75 75 85
Trace Elements by ICP-MS (ppm)
La 12.34 11.43 13.26 12.95 12.65 11.50 16.21
Ce 27.43 26.86 30.42 30.16 29.35 26.54 38.85
Pr 3.82 3.72 4.12 4.04 3.97 3.72 5.35
Nd 16.15 16.35 17.73 17.40 17.46 16.30 23.14
Sm 3.62 4.27 4.39 4.35 4.37 4.12 5.67
Eu 1.17 1.55 1.53 1.51 1.53 1.50 1.86
Gd 3.44 4.73 4.78 4.70 4.83 4.62 5.91
Tb 0.55 0.82 0.81 0.79 0.81 0.80 0.98
Dy 3.33 5.16 5.00 5.00 5.11 5.08 6.06
Ho 0.68 1.08 1.05 1.04 1.06 1.07 1.24
Er 1.79 2.92 2.89 2.83 2.95 2.91 3.37
Tm 0.26 0.44 0.43 0.41 0.43 0.43 0.49
Yb 1.59 2.68 2.62 2.60 2.66 2.65 3.03
Lu 0.25 0.42 0.42 0.41 0.42 0.42 0.47
Ba 315 212 283 282 251 212 284
Th 2.05 1.08 1.51 1.46 1.35 1.15 1.39
Nb 3.37 5.10 6.33 6.19 5.81 4.99 7.21
Y 17.35 27.20 26.28 26.02 27.41 26.77 31.22
Hf 2.80 3.31 3.59 3.57 3.48 3.20 4.37
Ta 0.22 0.36 0.46 0.45 0.42 0.36 0.48
U 0.73 0.48 0.67 0.65 0.59 0.50 0.61
Pb 3.16 2.70 3.64 3.49 3.18 2.83 3.42
Rb 11.7 8.1 12.1 11.1 11.1 7.7 9.8
Cs 0.17 0.18 0.27 0.26 0.24 0.19 0.26
Sr 833 477 506 512 504 490 559
Sc 28.2 26.6 21.4 22.2 23.4 25.7 25.4
Zr 102 145 157 157 157 141 195
All analyses performed at the WSU GeoAnalytical Lab.  Fe is reported as all FeO*.  Mg# = Mg/(Mg+Fe2+), Fe2+ is
calculated as 0.85 FeO*. For details on accuracy, see Analytical Methods section.
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Table 2. Whole Rock Major and Trace Element Data
Unit Sulphur Creek Sulphur Creek Sulphur Creek Sulphur Creek Sulphur Creek Sulphur Creek Sulphur Creek
Sample NM-SC2 NM-SC3 NM-SC4 NM-SC5 NM-SC6 NM-SC7 NM-SC8
Major Elements (wt.%)
SiO2 51.55 51.49 51.17 54.57 51.44 51.70 52.15
TiO2 1.635 1.634 1.670 1.375 1.637 1.655 1.540
Al2O3 17.55 17.52 17.56 17.20 17.47 17.53 17.32
FeO* 8.80 8.74 8.88 7.73 8.77 8.75 8.40
MnO 0.166 0.165 0.168 0.146 0.165 0.167 0.158
MgO 5.48 5.37 5.47 4.97 5.40 5.45 5.22
CaO 8.40 8.29 8.40 7.51 8.33 8.41 7.96
Na2O 4.41 4.37 4.37 4.35 4.39 4.43 4.28
K2O 0.85 0.85 0.80 1.28 0.86 0.85 0.96
P2O5 0.427 0.429 0.436 0.391 0.431 0.432 0.415
Total 99.27 98.85 98.93 99.53 98.89 99.38 98.40
Mg# 56.65 56.28 56.37 57.38 56.34 56.63 56.60
Trace Elements by XRF (ppm)
Ni 38 37 37 40 37 41 38
Cr 93 91 92 97 92 93 91
V 203 202 206 178 201 202 190
Ga 18 18 18 17 18 17 18
Cu 34 40 34 28 37 37 22
Zn 85 86 85 80 84 84 80
Trace Elements by ICP-MS (ppm)
La 15.82 16.37 16.15 17.34 16.06 16.01 17.00
Ce 37.80 38.98 38.48 40.05 38.36 38.31 39.70
Pr 5.20 5.39 5.31 5.35 5.32 5.29 5.45
Nd 22.94 23.08 23.24 22.59 23.09 23.00 23.18
Sm 5.61 5.62 5.73 5.34 5.57 5.59 5.50
Eu 1.88 1.87 1.92 1.66 1.89 1.90 1.80
Gd 5.84 5.95 5.89 5.36 5.84 5.79 5.68
Tb 0.97 0.99 0.99 0.90 0.97 0.97 0.94
Dy 5.98 6.03 5.99 5.51 5.97 6.03 5.86
Ho 1.22 1.27 1.25 1.14 1.22 1.21 1.21
Er 3.33 3.42 3.41 3.13 3.32 3.34 3.31
Tm 0.48 0.49 0.49 0.45 0.49 0.49 0.48
Yb 2.99 2.99 3.03 2.79 3.00 3.02 2.93
Lu 0.47 0.48 0.48 0.45 0.48 0.48 0.47
Ba 279 287 277 378 280 275 323
Th 1.28 1.45 1.27 2.73 1.36 1.25 1.94
Nb 7.09 7.31 7.23 7.74 7.22 7.21 7.52
Y 30.99 31.47 31.62 28.88 31.06 31.30 30.72
Hf 4.26 4.36 4.34 4.50 4.30 4.31 4.47
Ta 0.46 0.49 0.49 0.52 0.48 0.48 0.51
U 0.58 0.63 0.55 1.15 0.60 0.55 0.83
Pb 3.26 3.49 3.29 4.50 3.40 3.28 3.32
Rb 8.3 9.2 8.3 19.7 9.0 8.7 12.5
Cs 0.20 0.23 0.22 0.48 0.25 0.21 0.35
Sr 563 560 568 556 562 565 567
Sc 25.9 26.2 26.8 23.3 26.1 27.2 26.0
Zr 192 198 197 194 195 196 197
All analyses performed at the WSU GeoAnalytical Lab.  Fe is reported as all FeO*.  Mg# = Mg/(Mg+Fe2+), Fe2+ is
calculated as 0.85 FeO*. For details on accuracy, see Analytical Methods section.
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Table 3. Olivine Compositions
Sample SiO2 MgO FeO CaO MnO NiO Total Fo Type Location
PB5_ol1 37.65 32.69 27.88 0.23 0.40 0.00 98.84 67.6 ph core
PB5_ol2 37.32 31.98 28.67 0.24 0.47 0.03 98.71 66.5 ph core
PB5_ol3 36.72 27.49 34.95 0.13 0.54 0.06 99.90 58.4 ma core
PB8_ol1-1 40.10 42.64 16.80 0.11 0.26 0.13 100.04 81.9 ph core
PB8_ol1-2 37.44 32.35 29.99 0.19 0.48 0.03 100.48 65.8 ph rim
PB8_ol2 36.35 26.60 36.37 0.09 0.53 0.00 99.94 56.6 ma core
CC1_ol1 38.25 35.28 25.65 0.16 0.57 0.05 99.95 71.0 mph core
CC1_ol2 38.01 34.87 26.11 0.19 0.52 0.05 99.75 70.4 ph core
CC7_ol1 38.45 37.12 23.45 0.13 0.37 0.09 99.61 73.8 ph core
TP3_ol1-1 40.08 44.90 13.98 0.11 0.22 0.12 99.41 85.1 ph core
TP3_ol1-2 39.17 39.26 21.15 0.15 0.30 0.10 100.13 76.8 ph rim
TP4_ol1 39.15 41.89 17.79 0.15 0.28 0.12 99.39 80.8 ph core
LS1_ol1 39.47 41.69 17.28 0.21 0.28 0.21 99.14 81.1 mph core
LS1_ol2 39.40 41.43 17.75 0.21 0.28 0.14 99.21 80.6 ph core
LS4_ol1 37.55 34.15 25.35 0.30 0.40 0.04 97.80 70.6 ma core
LS4_ol2 39.04 40.18 19.20 0.21 0.29 0.19 99.12 78.9 mph core
LS4_ol3 39.11 39.69 19.78 0.21 0.33 0.15 99.25 78.2 ph core
SC1_ol1 38.82 37.93 22.12 0.19 0.41 0.07 99.55 75.3 mph core
SC1_ol2-1 38.57 36.88 21.80 0.20 0.35 0.07 97.87 75.1 mph core
SC1_ol2-2 37.84 33.93 25.99 0.33 0.55 0.02 98.66 69.9 mph rim
SC4_ol1-1 40.72 44.15 13.54 0.16 0.20 0.20 98.97 85.3 ph core
SC4_ol1-2 38.57 36.29 23.63 0.21 0.53 0.10 99.34 73.2 ph rim
SC4_ol2 37.40 30.96 30.56 0.31 0.66 0.02 99.91 64.4 ma core
PB - Park Butte, CC - Cathedral Crag, TP - Tarn Plateau, LS - Lake Shannon, SC - Sulphur Creek.  Individual mineral grains analyzed 
in each sample are assigned a number (ol1, ol2). In cases where this number is follwed by a dash (-) and another number (e.g. ol1-2), 
the number of points analyzed on that grain are indicated. Fo - forsterite content. Type - grain types, as follows:  ph - phenocryst,
 mph - microphenocryst, ma - matrix, incl - inclusion. For details on accuracy, see Analytical Methods section.
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Table 4. Clinopyroxene Compositions
Sample SiO2 Al2O3 TiO2 FeO MnO MgO CaO Na2O Cr2O3 Total En Fs Wo Mg# Type Location
PB5_cpx1 40.70 11.85 5.28 12.69 0.17 11.90 10.77 3.48 0.28 97.12 44.5 26.6 28.9 62.6 incl core
PB5_cpx2 51.65 1.75 0.82 9.18 0.24 15.56 19.76 0.35 0.06 99.36 44.6 14.7 40.7 75.1 ma core
PB8_cpx1 51.61 1.45 0.90 11.30 0.30 14.35 18.92 0.47 0.06 99.35 41.9 18.5 39.7 69.4 mph rim
PB8_cpx2 51.15 2.53 0.75 11.01 0.33 15.03 18.08 0.55 0.74 100.16 43.9 18.1 38.0 70.9 ma core
CC1_cpx1 51.21 3.29 0.64 6.70 0.21 15.89 21.03 0.38 0.01 99.38 45.7 10.8 43.5 80.9 mph core
CC1_cpx3-1 51.93 2.72 0.55 7.19 0.19 15.55 20.97 0.33 0.01 99.44 44.9 11.6 43.5 79.4 ph core
CC1_cpx3-2 49.09 4.12 0.83 7.34 0.17 14.63 21.48 0.40 0.01 98.06 42.8 12.0 45.2 78.0 ph mid
CC1_cpx3-3 51.56 1.54 0.91 9.67 0.39 15.74 18.69 0.50 0.02 99.01 45.5 15.7 38.8 74.4 ph rim
CC7_cpx1-1 49.84 4.96 1.20 6.04 0.14 14.97 21.55 0.50 0.45 99.66 44.2 10.0 45.8 81.5 ph core
CC7_cpx1-2 52.54 3.24 0.33 4.22 0.11 17.27 21.08 0.35 0.93 100.07 49.6 6.8 43.5 87.9 ph rim
CC7_cpx2 51.89 2.03 0.94 9.17 0.22 16.06 19.33 0.38 0.09 100.11 45.8 14.7 39.6 75.7 ma core
TP3_cpx1-1 52.22 3.53 0.50 5.32 0.14 16.67 21.67 0.25 0.30 100.60 47.3 8.5 44.2 84.8 mph mid
TP3_cpx1-2 52.46 2.51 0.35 4.36 0.10 16.78 22.28 0.24 0.58 99.66 47.6 6.9 45.4 87.3 mph mid
TP3_cpx2 50.74 2.00 1.09 11.62 0.29 15.05 18.08 0.33 0.01 99.23 43.5 18.9 37.6 69.8 ma core
TP4_cpx1-1 51.33 2.51 0.52 5.90 0.17 16.07 21.20 0.22 0.16 98.09 46.4 9.6 44.0 82.9 mph mid
TP4_cpx1-2 51.78 1.79 0.43 7.91 0.22 15.45 21.04 0.34 0.02 98.99 44.1 12.7 43.2 77.7 mph mid
LS1_cpx1 43.96 12.03 2.64 11.99 0.22 7.49 19.34 1.43 0.06 99.15 26.6 23.9 49.4 52.7 ma core
LS1_cpx2 52.55 8.59 3.78 11.95 0.26 5.01 13.79 1.26 0.01 97.22 23.2 31.0 45.8 42.8 ma core
LS4_cpx1 48.82 4.06 2.07 11.31 0.28 13.92 18.16 0.53 0.08 99.23 41.8 19.0 39.2 68.7 ma core
LS4_cpx2 46.32 4.63 3.05 12.40 0.28 11.97 18.83 0.56 0.12 98.16 36.9 21.4 41.7 63.2 ma core
SC1_cpx1 48.58 3.46 1.98 10.40 0.30 13.84 19.60 0.55 0.02 98.74 41.0 17.3 41.7 70.3 ma core
SC1_cpx2 50.21 2.65 1.13 9.30 0.29 15.29 19.21 0.46 0.06 98.60 44.6 15.2 40.2 74.6 ma core
SC4_cpx2 50.78 2.66 1.46 9.77 0.27 14.42 19.78 0.58 0.01 99.73 42.3 16.1 41.7 72.5 ma core
Abbreviations and labels as in Table 2. En - enstatite content, Fs - ferrosilite content, Wo - wollastonite content. Mg# = Mg/(Mg+Fe*).
78 
79 
 
Table 5. Orthopyroxene Compositions
Sample SiO2 Al2O3 TiO2 FeO MnO MgO CaO Na2O Cr2O3 Total En Fs Wo Mg# Type Location
PB5_opx2 52.05 0.52 0.35 20.48 0.57 20.56 4.18 0.12 0.03 98.86 58.7 32.8 8.6 64.156 ma core
PB8_opx1 52.71 0.47 0.49 20.43 0.47 20.60 3.76 0.11 0.00 99.04 59.3 33.0 7.8 64.257 ma rim
PB8_opx2 50.39 0.63 0.29 23.53 0.55 20.08 2.80 0.12 0.00 98.39 56.9 37.4 5.7 60.341 ma core
CC7_opx1 53.85 1.16 0.46 14.91 0.37 26.21 2.28 0.03 0.06 99.31 72.4 23.1 4.5 75.811 ma core
TP3_opx1 52.90 1.52 0.52 19.03 0.41 23.12 2.15 0.06 0.02 99.72 65.4 30.2 4.4 68.415 ma core
TP4_opx1 52.27 1.13 0.58 18.54 0.60 23.40 2.18 0.09 0.00 98.78 66.2 29.4 4.4 69.233 ma core
SC4_opx1 37.69 2.41 2.97 30.61 0.71 23.46 1.47 0.59 0.00 99.91 56.3 41.2 2.5 57.742 ma core
SC4_opx2 35.78 1.53 0.11 32.80 0.77 27.34 0.97 0.32 0.00 99.63 58.9 39.6 1.5 59.776 ma core
Abbreviations and labels as in Table 2. En - enstatite content, Fs - ferrosilite content, Wo - wollastonite content. Mg# = Mg/(Mg+Fe*).
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Table 6. Plagioclase Compositions
Sample SiO2 Al2O3 FeO CaO Na2O K2O SrO Total An Type Location
PB5_pl1-1 58.54 23.99 0.98 7.11 6.78 0.68 0.13 98.21 36.7 ph core
PB5_pl1-2 47.26 31.95 0.42 15.73 2.41 0.07 0.12 97.94 78.3 ph mid
PB5_pl1-3 53.30 27.84 0.63 11.09 4.90 0.30 0.09 98.14 55.6 ph rim
PB5_pl2 52.45 28.64 0.70 12.02 4.68 0.30 0.11 98.90 58.7 ma core
PB8_pl1 53.00 28.59 0.66 11.89 4.56 0.24 0.11 99.05 59.0 ma core
PB8_pl2-1 48.43 32.09 0.44 15.65 2.41 0.06 0.17 99.25 78.2 ph core
PB8_pl2-2 54.08 27.27 0.71 10.51 5.28 0.38 0.15 98.38 52.4 ph rim
PB8_pl3 53.27 28.45 0.69 11.70 4.72 0.28 0.14 99.24 57.8 mph core
CC1_pl1 47.15 33.47 0.58 17.17 1.76 0.09 0.24 100.47 84.4 mph core
CC1_pl2 52.27 29.26 0.83 12.29 4.26 0.24 0.25 99.41 61.5 ma core
CC1_pl3-1 46.41 33.51 0.52 17.27 1.61 0.08 0.27 99.68 85.6 ph core
CC1_pl3-2 58.50 25.17 0.71 7.64 6.71 0.78 0.22 99.72 38.6 ph core
CC7_pl1-1 46.23 33.36 0.50 17.30 1.56 0.05 0.29 99.28 86.0 mph core
CC7_pl1-2 55.27 26.30 1.03 9.49 5.57 0.44 0.23 98.33 48.5 mph rim
CC7_pl2 51.46 29.48 0.81 12.91 3.96 0.26 0.24 99.13 64.3 ma core
TP3_pl1-1 45.61 33.55 0.55 17.63 1.37 0.02 0.26 98.99 87.7 ph core
TP3_pl1-2 46.05 33.68 0.61 17.59 1.42 0.06 0.22 99.64 87.2 ph rim
TP3_pl2 50.07 30.71 0.61 14.41 3.28 0.14 0.23 99.46 70.8 mph core
TP3_pl3 52.81 28.86 0.98 12.61 4.23 0.29 0.24 100.03 62.2 ma core
TP4_pl1 48.31 32.05 0.66 15.92 2.51 0.10 0.24 99.79 77.8 ph core
TP4_pl2-1 46.05 33.42 0.61 17.66 1.41 0.04 0.23 99.41 87.4 mph core
TP4_pl2-2 50.59 30.27 0.69 13.56 3.67 0.15 0.29 99.22 67.1 mph rim
TP4_pl3 55.83 26.68 0.61 9.58 5.95 0.47 0.26 99.38 47.1 ma core
Abbreviations and labels as in Table 2. An - anorthite content.
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Table 6. Plagioclase Compositions (cont.)
Sample SiO2 Al2O3 FeO CaO Na2O K2O SrO Total An Type Location
LS1_pl1-1 53.36 28.57 0.42 11.89 4.62 0.14 0.11 99.13 58.7 ph core
LS1_pl1-2 51.62 29.76 0.34 13.11 3.96 0.10 0.13 99.02 64.7 ph rim
LS1_pl2 53.69 28.25 0.72 11.67 4.90 0.17 0.12 99.50 56.8 ma core
LS1_pl3-1 51.86 29.47 0.36 13.06 4.07 0.11 0.13 99.06 63.9 ph core
LS1_pl3-2 51.43 29.94 0.40 13.26 3.87 0.08 0.10 99.07 65.4 ph rim
LS4_pl1-1 51.99 29.85 0.42 13.05 4.02 0.12 0.17 99.62 64.2 mph core
LS4_pl1-2 53.60 28.08 0.51 11.60 4.91 0.14 0.15 98.99 56.6 mph mid
LS4_pl1-3 53.92 27.90 0.66 11.16 5.08 0.17 0.15 99.04 54.8 mph rim
LS4_pl2 53.25 28.33 0.77 11.65 4.97 0.14 0.07 99.19 56.4 ma core
SC1_pl1 56.13 25.15 1.29 8.92 6.21 0.37 0.13 98.21 44.3 ma core
SC1_pl2-1 55.72 26.76 0.63 9.79 5.82 0.35 0.14 99.21 48.2 ph core
SC1_pl2-2 51.50 28.80 0.48 12.33 4.40 0.14 0.13 97.78 60.8 ph rim
SC4_pl1 53.28 28.47 0.64 11.85 4.89 0.22 0.16 99.50 57.3 mph core
SC4_pl2-1 54.37 28.29 0.43 11.12 5.12 0.23 0.16 99.71 54.6 ph core
SC4_pl2-2 51.39 29.57 0.50 13.09 3.97 0.14 0.12 98.79 64.6 ph rim
SC4_pl3 53.14 28.59 0.84 11.94 4.54 0.20 0.12 99.37 59.2 ma core
Abbreviations and labels as in Table 2. An - anorthite content.
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Table 7. Oxide Mineral Compositions
Sample SiO2 TiO2 Al2O3 Cr2O3 FeO MnO NiO MgO ZnO Nb2O5 Total Type Location
Magnetite 
PB5_mag1 0.08 7.21 0.96 0.14 82.51 0.21 0.03 0.75 0.01 0.14 92.05 ma core
PB5_mag2 0.09 8.65 1.13 0.12 81.96 0.31 0.04 0.85 0.08 0.03 93.24 ma core
PB5_mag3 0.08 8.37 1.93 0.12 81.54 0.31 0.05 1.55 0.06 0.00 94.01 ma core
PB8_mag1 0.08 7.52 2.12 0.11 79.48 0.36 0.03 1.57 0.10 0.15 91.54 ma core
PB8_p1m 0.09 7.24 1.93 0.18 82.71 0.32 0.03 1.36 0.08 0.00 93.94 ma mid
PB8_p2m 0.09 6.70 1.70 0.15 83.13 0.29 0.03 1.10 0.11 0.00 93.30 ma mid
CC1_mag1 0.08 6.91 0.90 0.11 84.08 0.30 0.01 0.29 0.18 0.00 92.87 ma core
CC1_mag3-1 0.10 8.32 1.03 0.04 82.36 0.34 0.03 0.43 0.15 0.03 92.82 ma mid
CC1_mag3-2 0.11 8.13 1.02 0.04 82.45 0.41 0.00 0.44 0.10 0.04 92.75 ma mid
CC1_p1m 0.09 7.05 1.12 0.06 83.81 0.32 0.04 0.41 0.11 0.05 93.06 ma core
CC1_p2m 0.08 7.01 1.16 0.08 83.88 0.25 0.00 0.30 0.15 0.00 92.90 ma mid
CC7_mag1 0.08 14.97 1.84 0.22 74.06 0.36 0.09 1.26 0.15 0.03 93.07 ma core
CC7_p1m 0.05 11.92 2.10 0.27 77.24 0.38 0.08 1.35 0.10 0.09 93.57 ma mid
CC7_p2m 0.07 10.26 0.87 0.11 79.67 0.31 0.07 0.91 0.14 0.00 92.41 ma core
TP3_mag1 0.28 12.01 0.96 0.15 76.96 0.27 0.01 0.69 0.09 0.05 91.48 ma core
TP3_mag2 0.14 15.00 0.66 0.11 76.18 0.34 0.05 0.96 0.07 0.00 93.51 ma core
TP4_mag1 0.49 6.00 0.92 0.03 83.11 0.28 0.03 0.83 0.01 0.05 91.75 ma core
TP4_mag2 0.07 12.77 0.38 0.01 72.89 0.41 0.00 2.86 0.04 0.00 89.43 ma core
LS1_mag1 0.16 15.54 1.61 4.09 65.71 0.73 0.00 0.90 0.06 0.06 88.86 ma core
LS1_mag2 0.97 20.16 1.31 3.97 65.84 0.68 0.00 1.38 0.14 0.07 94.51 ma core
LS1_mag3 0.65 17.78 1.43 5.57 65.57 0.81 0.00 0.45 0.11 0.06 92.43 ma core
LS1_mag4 0.92 23.20 1.28 1.61 65.48 0.69 0.00 1.04 0.11 0.00 94.34 ma core
LS1_mag5 0.58 20.14 1.47 1.35 69.71 0.76 0.00 0.90 0.07 0.00 94.98 ma core
Abbreviations as in Table 2, except where "p" indicates a solid solution grain, followed by the grain number and the mineral type 
(m -magnetite and i -ilmenite).
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Table 7. Oxide Mineral Compositions (cont.)
Sample SiO2 TiO2 Al2O3 Cr2O3 FeO MnO NiO MgO ZnO Nb2O5 Total Type Location
Magnetite (cont.)
LS4_mag1 0.30 12.62 3.88 10.30 61.47 0.52 0.01 1.80 0.09 0.00 90.99 ma core
LS4_mag2 0.27 10.99 7.11 15.82 55.87 0.48 0.03 3.47 0.05 0.00 94.10 ma core
LS4_mag3 0.70 10.81 6.59 15.69 54.90 0.41 0.03 4.06 0.07 0.00 93.25 ma core
SC1_mag1 0.12 14.78 3.45 2.06 68.66 0.47 0.02 4.79 0.05 0.00 94.42 ma core
SC1_mag2 0.16 15.13 3.47 1.23 68.90 0.47 0.02 4.38 0.10 0.02 93.89 ma core
SC1_mag3-1 0.16 14.97 3.50 1.31 69.44 0.43 0.01 4.70 0.03 0.02 94.57 ma core
SC1_mag3-2 0.38 14.47 3.05 1.18 70.65 0.46 0.04 3.94 0.06 0.00 94.21 ma rim
SC4_mag1 0.56 20.17 1.31 0.17 67.90 0.63 0.04 3.16 0.07 0.00 94.00 ma core
SC4_mag2-1 0.20 21.27 1.03 0.19 68.40 0.74 0.00 2.93 0.11 0.00 94.87 ma core
SC4_mag2-2 0.21 20.94 1.04 0.20 67.78 0.69 0.01 3.00 0.10 0.07 94.03 ma rim
Ilmenite
PB5_ilm1 0.02 45.48 0.09 0.04 49.37 0.40 0.04 1.91 0.00 0.00 97.36 ma core
PB5_ilm2 0.04 44.83 0.09 0.03 50.50 0.43 0.04 1.66 0.00 0.01 97.64 ma core
PB5_ilm3 0.05 44.20 0.08 0.03 51.56 0.44 0.03 1.50 0.00 0.00 97.89 ma core
PB8_ilm1 0.52 43.97 0.38 0.04 46.42 0.42 0.00 3.11 0.05 0.11 95.03 ma core
PB8_ilm2 0.05 46.12 0.07 0.04 48.08 0.43 0.02 2.82 0.02 0.00 97.66 ma core
PB8_ilm3 0.08 49.00 0.17 0.11 43.18 0.47 0.00 4.77 0.05 0.06 97.90 ma core
PB8_p1i 0.04 47.25 0.11 0.06 47.19 0.48 0.02 3.29 0.02 0.00 98.46 ma mid
PB8_p2i 0.05 47.99 0.10 0.03 48.32 0.48 0.00 3.00 0.00 0.09 100.05 ma mid
Abbreviations as in Table 2, except where "p" indicates a solid solution grain, followed by the grain number and the mineral type 
(m -magnetite and i -ilmenite).
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Table 7. Oxide Mineral Compositions (cont.)
Sample SiO2 TiO2 Al2O3 Cr2O3 FeO MnO NiO MgO ZnO Nb2O5 Total Type Location
Ilmenite (cont.)
CC1_ilm1 0.14 44.26 0.05 0.01 50.39 0.58 0.02 0.63 0.06 0.14 96.29 ma core
CC1_p1i 0.04 46.46 0.06 0.02 47.96 0.87 0.00 1.29 0.02 0.01 96.73 ma mid
CC1_p2i 0.03 46.90 0.05 0.00 48.31 0.62 0.02 1.01 0.00 0.11 97.05 ma mid
CC7_p1i 0.05 48.70 0.10 0.05 45.19 0.68 0.03 3.72 0.00 0.04 98.56 ma mid
CC7_p2i 0.08 46.46 0.06 0.03 48.08 0.46 0.04 2.40 0.12 0.00 97.71 ma mid
TP3_ilm1 0.18 44.28 0.13 0.06 46.67 0.38 0.00 2.32 0.05 0.00 94.07 ma core
TP3_ilm2 0.07 45.96 0.08 0.04 49.80 0.39 0.00 1.58 0.00 0.11 98.04 ma core
TP3_ilm3 0.10 45.03 0.09 0.04 49.04 0.38 0.00 1.51 0.00 0.02 96.22 ma core
TP4_ilm1 0.10 37.50 0.13 0.04 54.75 0.32 0.00 1.63 0.01 0.14 94.62 incl core
TP4_ilm2 0.05 37.14 0.12 0.05 55.55 0.36 0.00 1.55 0.02 0.11 94.96 ma core
TP4_ilm3 0.09 37.52 0.14 0.04 54.85 0.38 0.00 1.70 0.03 0.07 94.83 ma core
Chromium Spinel
PB5_cr1 0.64 2.04 15.27 22.53 49.11 0.39 0.13 5.23 0.16 0.00 95.49 incl core
PB5_cr2 0.07 0.52 18.94 22.89 47.12 0.34 0.04 4.79 0.31 0.00 95.01 incl core
PB5_cr3 0.08 2.67 8.19 24.44 55.39 0.34 0.08 2.72 0.15 0.00 94.06 incl ol1 core
PB8_cr1 0.04 1.63 25.09 26.44 34.90 0.26 0.06 8.92 0.18 0.00 97.52 incl ol1 core
CC1_cr1-1 0.09 3.14 4.84 14.33 68.39 0.50 0.09 2.22 0.16 0.00 93.77 incl ol2 core
CC1_cr1-2 0.21 3.06 4.77 14.07 67.25 0.43 0.05 2.20 0.15 0.00 92.20 incl ol2 rim
CC1_cr2 0.09 2.66 4.34 11.38 70.67 0.44 0.05 1.86 0.15 0.00 91.65 incl ol1 core
CC1_cr3 0.05 3.04 4.78 14.33 68.21 0.45 0.07 2.18 0.14 0.00 93.25 incl core
CC7_cr1 0.06 2.64 11.23 17.81 57.95 0.25 0.14 4.67 0.16 0.06 94.95 incl core
CC7_cr2 0.06 4.45 6.11 10.03 69.49 0.29 0.13 3.22 0.15 0.02 93.96 incl ol1 core
Abbreviations as in Table 2, except where "p" indicates a solid solution grain, followed by the grain number and the mineral type 
(m -magnetite and i -ilmenite). For chromium spinel, analyzed olivine that the inclusion is contained within is also listed in "Type."
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Table 7. Oxide Mineral Compositions (cont.)
Sample SiO2 TiO2 Al2O3 Cr2O3 FeO MnO NiO MgO ZnO Nb2O5 Total Type Location
Chromium Spinel (cont.)
TP3_cr1 0.05 0.66 13.01 45.04 30.20 0.27 0.13 8.24 0.19 0.00 97.80 incl ol1 core
TP3_cr2 0.12 0.68 13.11 46.57 27.20 0.33 0.09 8.80 0.18 0.00 97.08 incl ol1 core
TP4_cr1 0.06 0.63 19.01 38.04 28.53 0.24 0.08 10.50 0.08 0.06 97.24 incl core
TP4_cr2 0.16 0.84 20.62 33.91 29.60 0.32 0.14 10.60 0.19 0.00 96.36 incl core
LS1_cr1 0.10 1.82 31.22 21.20 29.78 0.24 0.14 12.59 0.04 0.03 97.16 incl ol1 core
LS4_cr1 0.08 4.80 14.97 24.30 42.89 0.35 0.12 8.25 0.15 0.00 95.90 incl ol3 core
LS4_cr2 0.07 1.28 34.16 20.17 30.78 0.27 0.17 12.41 0.15 0.00 99.45 incl core
LS4_cr3 0.07 1.77 28.10 23.67 33.20 0.27 0.14 11.10 0.16 0.00 98.48 incl ol2 core
LS4_cr4 0.07 3.63 19.93 25.85 38.20 0.34 0.16 9.55 0.11 0.03 97.86 incl ol2 core
SC4_cr1 0.09 1.02 26.97 31.07 25.91 0.23 0.19 13.10 0.07 0.02 98.68 incl ol1 core
SC4_cr2 0.11 0.84 29.44 30.52 24.21 0.25 0.11 13.72 0.05 0.00 99.26 incl ol1 core
Abbreviations as in Table 2, except where "p" indicates a solid solution grain, followed by the grain number and the mineral type 
(m -magnetite and i -ilmenite). For chromium spinel, analyzed olivine that the inclusion is contained within is also listed in "Type."
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Table 8. Sr, Nd, and Pb Isotopic Data
Sample
87Sr/86Sr εSr 143Nd/144Nd 143Nd/144Nd εNd 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb SiO2
NM-PB3 0.703347 -16.4 0.513012 0.512997 7.0 18.748 15.552 38.215 49.25
NM-PB6 0.703157 -19.1 0.512962 0.512988 6.8 18.806 15.547 38.238 50.05
NM-TP4 0.703090 -20.0 0.512994 0.513011 7.3 18.778 15.547 38.224 53.90
NM-TP6 0.703094 -20.0 0.512933 0.513027 7.6 18.771 15.543 38.212 53.90
NM-TP6 (2nd solution) - - - - - 18.771 15.542 38.205 53.90
NM-LS2 0.703291 -17.2 0.513062 0.513026 7.6 18.861 15.554 38.283 52.48
NM-LS2 (repeat) - - - - - 18.861 15.555 38.286 52.48
NM-LS6 0.703193 -18.6 0.513016 0.513049 8.0 18.837 15.548 38.249 50.70
NM-LS6 (2nd solution) - - - - - 18.833 15.548 38.244 50.70
Analyses performed at the University of Washington Isotope Geochemistry Laboratory by Dr. Bruce Nelson.
Error on Nd and Sr analyses are ±30 ppm (2σ) or ±0.3 epsilon units; error on Pb analyses is ±150 ppm (2σ) or ±0.015%
NM-LS2 (repeat) is a second analyses of the same solution.
NM-TP6 (2nd solution) & NM-LS6 (2nd solution) are second aliquots of the dissolved sample that went through the entire Pb separation chemistry.
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Table 9. Fe-Ti Oxide Thermobarometry
Sample Oxide Pair Grain Samples T(ºC) (log10) f O2
NM-PB5 1 mag1 & ilm1 808 -12.42
2 mag2 & ilm3 847 -11.60
3 mag3 & ilm2 832 -11.95
NM-PB8 1 mag1 & ilm2 814 -12.33
2 p1m & p1i 798 -12.72
3 p2m & p2i 788 -12.93
NM-CC1 1 mag3-2 & ilm1 816 -12.40
2 p1m & p1i 770 -13.65
3 p2m & p2i 756 -14.16
NM-CC7 1 p1m & p1i 829 -12.96
2 p2m & p2i 834 -12.38
NM-TP3 1 mag1 & ilm2 868 -11.93
2 mag2 & ilm3 913 -11.37
NM-TP4 1 mag1 & ilm2 867 -10.35
2 mag2 & ilm1 982 -9.40
Temperature and fugacity calculated using the ILMAT spreadsheet of Lepage (2003). 
Mineral compositions used for calculations in Table 6.
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Table 10. Models for estimating REE concentration in mantle partial melts and slab fluids  
10a. Partition Coefficients Used in Melting Models 10b. Modeled Melt and Fluid Compositions
Spinel Source Garnet Source    Fluid Composition
Olivine Cpx Opx Garnet Spinel DMM 5% 6% 10% 7% PB CC TP LS SC
La 0.007 0.054 0.010 0.010 0.000 La 0.192 13.78 11.79 7.48 10.24 830.4 1292.8 1052.9 1847.7 2983.1
Ce 0.006 0.086 0.020 0.030 0.010 Ce 0.550 14.58 12.57 8.09 10.91 700.9 1092.0 879.1 1552.7 2557.6
Pr 0.006 0.150 0.025 0.036 0.010 Pr 0.107 17.22 14.97 9.83 13.04 556.2 886.8 696.5 1224.9 1974.2
Nd 0.006 0.187 0.030 0.270 0.010 Nd 0.581 18.35 16.03 10.64 13.33 453.2 722.6 550.5 960.3 1520.1
Sm 0.007 0.291 0.050 0.270 0.010 Sm 0.239 20.45 18.14 12.50 15.22 234.6 327.6 228.0 457.1 743.6
Eu 0.007 0.430 0.050 0.490 0.010 Eu 0.096 19.88 17.81 12.58 14.59 225.3 248.5 164.6 416.1 456.0
Gd 0.010 0.440 0.090 0.970 0.010 Gd 0.358 19.08 17.27 12.52 13.19 132.1 152.0 113.2 278.4 370.4
Tb 0.011 0.440 0.110 1.200 0.010 Tb 0.070 19.72 17.92 13.13 13.3 92.77 72.9 63.4 186.5 235.1
Dy 0.013 0.442 0.150 2.000 0.010 Dy 0.505 19.47 17.82 13.31 12.09 47.49 45.4 47.0 126.8 131.3
Ho 0.020 0.400 0.180 2.500 0.010 Ho 0.115 18.56 17.1 13.00 11.15 39.16 30.2 42.9 110.9 98.0
Er 0.026 0.387 0.230 2.800 0.010 Er 0.348 17.52 16.26 12.64 10.5 27.76 18.5 27.2 81.9 87.0
Yb 0.024 0.430 0.340 3.900 0.010 Yb 0.365 15.72 14.74 11.80 8.87 17.73 11.9 29.4 57.2 51.3
Lu 0.020 0.433 0.340 3.700 0.010 Lu 0.058 17.08 15.99 12.74 9.691 14.71 10.4 24.7 36.2 52.0
References Xf - - - - - 3.0% 4.5% 4.0% 2.0% 2.0%
1. Olivine: Rollinson, 1993; Halliday et al. 1995 Xm - - - - - 97.0% 95.5% 96.0% 98.0% 98.0%
2. Cpx: Hart and Dunn, 1993 Depleted MORB mantle (DMM) starting composition from Workman and Hart, 2005.  
3. Opx: Rollinson, 1993 Modeled compositions of partial melts (5%, 6% & 7%) from spinel harzburgite ("spinel source") 
4. Garnet: Rollinson, 1993; VanWestrenen et al. 1999 are from a mantle source with Ol+Cpx+Opx+Spl in the proportions 76:5:15:4. 
5. Spinel: McKenzie and O'Nions, 1991 Modeled composition of partial melt (7%) from garnet harzburgite ("garnet source") are from a 
mantle source with Ol+Cpx+Opx+Grt in the proportions 73:5:20:2.
*Partition coefficients in italics were interpolated Xf is the weight fraction of lava contributed by fluid in the fluid composition model, and is 
based on established KD for other REE based on estimated H2O content of the Mt. Baker mafic magmas (Figure 12).
Xm is the weight fraction of lava contributed by the mantle melt in the fluid composition model.
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Figure 1. The Cascade volcanic arc and Mount Baker (MB) study area. Triangles represent major volcanic 
centers, abbreviated as follows: MM, Mount Meager; MC, Mount Cayley; MG, Mount Garibaldi; MB, 
Mount Baker; GP, Glacier Peak; MR, Mount Rainier; MSH, Mount St. Helens; MA, Mount Adams; SVF, 
Simcoe Volcanic Field; MH, Mount Hood; MJ, Mount Jefferson; TS, Three Sisters; NV, Newberry 
Volcano; CLV, Crater Lake Volcano; MMc, Mount McLoughlin; MLV, Medicine Lake Volcano; MS, 
Mount Shasta; LVC, Lassen Volcanic Center. Orange shaded regions and circles represent areas of mafic 
volcanism. The arc is subdivided into the High Cascades in the south and the Garibaldi Belt in the north. 
Black lines indicate the general trend of each arc segment (Guffanti and Weaver, 1988). After Borg et al. 
1997.  
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From Hildreth et al., 2003
Basalt of Sulphur Creek
(9.8 ka)
Basalt of Lake Shannon
(94 ± 21 ka)
Basalt of Park Butte
(716 ± 45 ka)
Basaltic andesite of 
Cathedral Crag 
(331 ± 18 ka)
Basaltic andesite of 
Tarn Plateau 
(203 ± 25 ka)
Figure 2. Map of Mount Baker flow units, with target mafic lavas labeled with their respective 
ages.  Each box is color coded to match the symbol color used for each unit throughout this 
study. Modified from Hildreth et al. 2003.  
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Figure 3. Map of sample locations. Overview map of all units includes the summit of Mount 
Baker and Baker Lake as reference points.  Degrees and minutes of latitude and longitude are 
located on the top and left margins of the overview map.  Inset maps are show samples plotted on 
the Welker Peak and Baker Pass USGS 7.5 minute quadrangle topographic maps.  See appendix 
for a listing of coordinates from each sample location.  
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200 μm
Figure 4.  Typical disequilibrium textures in mineral populations. Gray scale pictures are 
backscatter electron images, and the color image is a photomicrograph taken in cross polarized 
light. (A) – Chemically zoned and resorbed clinopyroxene phenocryst from the Tarn Plateau 
basaltic andesite (sample TP3 cpx1). (B) – Crystal clot from the Lake Shannon basalt (sample 
LS4). (C) – Chemically zoned and sieved plagioclase phenocryst from the Sulphur Creek basalt 
(sample SC1). (D) – Resorbed and embayed olivine phenocryst with oxide inclusions from the 
Sulphur Creek basalt (sample SC4).  Arrows point to locations of microprobe analyses in A, C, 
and D, which are found in Tables 3 through 6. Format of abbreviations for microprobe analyses is 
explained in Table 2. 
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Figure 5. Major element chemistry for all flow units. (A) – AFM diagram (Irvine and Baragar, 
1971), classifying tholeiitic versus calc-alkaline rocks. Symbols for both diagrams as in 4A. (B) – 
Subdivision of subalkaline rock series (LeMaitre et al. 1989). Black and brown dashed fields 
encompass areas where Cascade primitive calc-alkaline (CAB) and low-k olivine tholeiite 
(LKOT) lavas from previous studies plot for comparison (data compiled from GeoRoc database). 
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Figure 6. Whole rock major element compositions in weight percent for the Park Butte (PB), 
Cathedral Crag (CC), Tarn Plateau (TP), Lake Shannon (LS) and Sulphur Creek (SC) units, as 
well as felsic SC samples (basaltic andesite) from Hildreth et al. 2003. Maximum uncertainty in 
accuracy shown at bottom left. Mg# = Mg/(Mg+Fe2+), Fe2+ is calculated as 0.85 FeO*.  
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Figure 7. Nickel and chromium content in ppm versus SiO2 wt. % for the Park Butte (PB), 
Cathedral Crag (CC), Tarn Plateau (TP), Lake Shannon (LS) and Sulphur Creek (SC) units. Black 
and brown dashed fields encompass areas where Cascade primitive calc-alkaline basalt (CAB) and 
low-K olivine tholeiite (LKOT) lavas from previous studies plot for comparison (data compiled 
from GeoRoc database).  
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Figure 8. Select incompatible trace element compositions in ppm versus SiO2 wt. % for the Park 
Butte (PB), Cathedral Crag (CC), Tarn Plateau (TP), Lake Shannon (LS) and Sulphur Creek (SC) 
units, as well as felsic SC samples (basaltic andesite) from Baggerman and DeBari, in press. See 
Analytical Methods for a discussion of accuracy and precision.  
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Figure 9. Primitive-mantle-normalized trace element diagram for representative samples from the 
Park Butte (PB), Cathedral Crag (CC), Tarn Plateau (TP), Lake Shannon (LS) and Sulphur Creek 
(SC) units.  NMORB and OIB for comparison, normalization values from Sun and McDonough, 
1989. Endmember lava types, LKOT-like, basaltic andesite (BA), high Mg basaltic andesite 
(HMBA), and calc-alkaline (CA), are indicted in parentheses behind their respective units. Felsic 
SC (Mixed) is a Sulphur Creek basaltic andesite sample from Baggerman and DeBari (in press) 
shown to be the result of mixing between basalt and dacite. Mount Shasta LKOT from Grove et al. 
2002, also for comparison (as a typical Cascade LKOT).  
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Figure 10. Chondrite-normalized rare earth element (REE) diagram for the Park Butte (PB), 
Cathedral Crag (CC), Tarn Plateau (TP), Lake Shannon (LS) and Sulphur Creek (SC) units, with 
typical NMORB and OIB for comparison. Normalization values, NMORB and OIB from Sun and 
McDonough, 1989. Endmember lava types, LKOT-like, basaltic andesite (BA), high Mg basaltic 
andesite (HMBA), and calc-alkaline (CA), are indicted in parentheses behind their respective 
units. Felsic SC (Mixed) is a Sulphur Creek basaltic andesite sample from Baggerman and 
DeBari (in press) shown to be the result of mixing between basalt and dacite. Mount Shasta 
LKOT from Grove et al. 2002, also for comparison (as a typical Cascade LKOT). Select REE (La 
and Yb) versus SiO2 are plotted to show changes in pattern across the range of each flow unit.  
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Figure 11. Select isotopic compositions for the Park Butte (PB), Tarn Plateau (TP), and Lake 
Shannon (LS) units. (A) - εNd versus 
87Sr/86Sr and (B) - 207Pb/204Pb versus 206Pb/204Pb. Black 
dashed fields indicate the range of compositions for Cascade primitive lavas as compiled in 
Schmidt et al. 2008.  Error bars are symbol sized or smaller where not visible on the diagrams. 
NHRL from Hart (1984), Bulk Cascadia subducted sediment from Plank and Langmuir (1998), 
Juan de Fuca MORB from White et al. (1987).  The “M” indicates the most mafic sample 
analyzed from the Park Butte and Lake Shannon flow units.    
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Figure 12. Ca-Na Exchange in Plagioclase and Liquid. Ca/Na (molar) of liquid based on whole 
rock compositions for Park Butte (PB), Cathedral Crag (CC), Tarn Plateau (TP), Lake Shannon 
(LS), and Sulphur Creek (SC) units. Estimates of H2O content (in wt.%) are based on KD after 
the method of Sisson and Grove (1993): ~2% for Lake Shannon and Sulphur Creek, ~3% for 
Park Butte, ~4% for Tarn Plateau, and ~4.5% for Cathedral Crag. 
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Figure 13. Assessment of olivine-liquid equilibrium for Park Butte (PB), Cathedral Crag (CC), 
Tarn Plateau (TP), Lake Shannon (LS), and Sulphur Creek (SC) units. Molar Fe/Mg of olivine 
versus molar Fe/Mg of liquid, or whole rock composition. The lines represent equilibrium liquids 
based on KD (see equation in text) of 0.30 (Roeder and Emslie, 1970, black line) and 0.34 (Baker 
et al. 1994, gray line). Olivine is in equilibrium with the whole rock composition when symbols 
plot at or just above the KD line.  All olivine samples are from core analyses. Solid symbols are 
phenocryst compositions, open symbols are microphenocryst compositions. 
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Figure 14. LILE/HFSE ratios in ppm for the Park Butte (PB), Cathedral Crag (CC), Tarn Plateau 
(TP), Lake Shannon (LS) and Sulphur Creek (SC) units. (A) - Ba/Zr versus Nb/Zr and (B) - Ba/La 
versus La/Sm. Black and brown dashed fields encompass areas where Cascade primitive calc-
alkaline basalt (CAB) and low-K olivine tholeiite (LKOT) lavas from previous studies plot for 
comparison (data compiled from GeoRoc database). On the Ba/Zr versus Nb/Zr plot, OIB trend 
indicates the region in which ocean island basalt type lavas would appear.  
(A) 
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Figure 15. Sr/Y versus Y for the Park Butte (PB), Cathedral Crag (CC), Tarn Plateau (TP), Lake 
Shannon (LS) and Sulphur Creek (SC) units. Endmember lava types, LKOT-like, basaltic andesite 
(BA), high Mg basaltic andesite (HMBA), and calc-alkaline (CA), are indicted in parentheses 
behind their respective units. Mount Shasta HMA (Grove et al. 2002) and Mount Baker (MB) 
andesite and dacite (Baggerman and DeBari, in press) for comparison. Adakite and andesite, 
dacite, rhyolite fields after Defant and Drummond (1990).  
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Figure 16. Ba/Nb versus and estimated H2O wt.% versus primitive-mantle-normalized Sr/P 
[(Sr/P)N] for the Park Butte (PB), Cathedral Crag (CC), Tarn Plateau (TP), Lake Shannon (LS) 
and Sulphur Creek (SC) units. Endmember lava types, LKOT-like, basaltic andesite (BA), 
HMBA, and calc-alkaline (CA), are indicted in parentheses behind their respective units. 
Primitive mantle normalization values from Sun and McDonough (1989). Estimated H2O wt.% 
from Figure 12. 
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Figure 17. Ba/Th versus chondrite-normalized La/Sm ratios for the Park Butte (PB), Cathedral 
Crag (CC), Tarn Plateau (TP), Lake Shannon (LS) and Sulphur Creek (SC) units. Diagram after 
Elliott (2003). Endmember lava types, LKOT-like, basaltic andesite (BA), HMBA, and calc-
alkaline (CA), are indicted in parentheses behind their respective units. Normalization values 
from Sun and McDonough, 1989. Dashed field of Cascade primitive lavas are data compiled 
from the GeoRoc database.  
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Figure 18.  Mantle partial melt and slab fluid models of Park Butte (PB), Lake Shannon (LS), and 
Sulphur Creek (SC) lavas. Melt models are first described in the text, followed by fluid models in a 
subsequent section. (A) - Chondrite normalized REE abundances of lavas, modeled melt and modeled 
slab fluids. Normalization values from Sun and McDonough, 1989. Depleted MORB mantle (DMM) 
from Workman and Hart, 2005. Melts are from a depleted spinel harzburgite source with the 
proportions Ol:Cpx:Opx:Spl=76:5:15:4 at F=0.10 for Park Butte, F=0.06 for Lake Shannon, and 
F=0.05 for Sulphur Creek. Mount Shasta sediment (Sed) and MORB fluids from Grove et al. 2002. 
(B) through (D) - Comparison of modeled melt HREE abundances to measured HREE abundances as 
a demonstration of best fit modeled melt fractions for each unit. Fit is perfect where the ratio of 
(CL)/(COb) or modeled abundance /observed abundance equals 1.  
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Figure 19. Mantle partial melt and slab fluid models of Tarn Plateau (TP) and Cathedral Crag 
(CC) lavas. Melt models are first described in the text, followed by fluid models in a subsequent 
section. (A) - Chondrite normalized REE abundances of lavas, modeled melt and modeled slab 
fluids. Normalization values from Sun and McDonough, 1989. Depleted MORB mantle (DMM) 
from Workman and Hart, 2005. Melts are from a depleted garnet harzburgite source with the 
proportions Ol:Cpx:Opx:Grt=73:5:20:2 at F=0.07. Mount Shasta sediment (Sed) and MORB 
fluids from Grove et al. 2002. (B) and (C) - Comparison of modeled melt HREE abundances to 
measured HREE abundances as a demonstration of best fit modeled melt fractions for each unit. 
Fit is perfect where the ratio of (CL)/(COb) or modeled abundance /observed abundance equals 1. 
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Figure 20. Schematic illustration of mafic magma evolution at Mount Baker. Mafic magmas are generated 
at varying melt fractions when slab fluid flux contributes to melting of 2 distinct sources: a depleted spinel 
harzburgite and a depleted garnet harzburgite. At deep levels in the crust (near the Moho, from ~30 km 
down), mafic magmas stall and fractionate pyroxenes, producing magmas with higher Mg# and Ni content.  
At shallower depths (nearer the surface, above ~30 km), mafic magmas stall and fractionate olivine and 
pyroxenes, generating magmas with somewhat lower Mg# and Ni content.  Depth estimates from McCrory 
et al. 2004, Robinson and Wood, 1998 and Thompson, 1975.  
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Figure 21. Sr/Y and (Sr/P)N versus flow age for the Park Butte (PB), Cathedral Crag (CC), Tarn 
Plateau (TP), Lake Shannon (LS) and Sulphur Creek (SC) units.  Endmember lava types, LKOT-
like, basaltic andesite (BA), high Mg basaltic andesite (HMBA), and calc-alkaline (CA), are 
indicted in parentheses behind their respective units. Ages from Hildreth et al. 2003.   
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APPENDIX 
 
Table of Sample Locations  
 
 
 
Sample UTM East UTM North Latitude Longitude
NM-PB1 584429.00 5396518.00 N48 42.958 W121 51.132
NM-PB2 584406.00 5396557.00 N48 42.979 W121 51.150
NM-PB3 584432.00 5396557.00 N48 42.979 W121 51.128
NM-PB5 584525.00 5396521.00 N48 42.959 W121 51.053
NM-PB6 584423.00 5396461.00 N48 42.928 W121 51.137
NM-PB7 584598.00 5396505.00 N48 42.950 W121 50.994
NM-PB8 584460.00 5396418.00 N48 42.904 W121 51.107
NM-PB10 584550.00 5396460.00 N48 42.926 W121 51.033
NM-CC1 584769.00 5397112.00 N48 43.276 W121 50.847
NM-CC2 584775.00 5397101.00 N48 43.270 W121 50.843
NM-CC5 584877.00 5397234.00 N48 43.341 W121 50.757
NM-CC6 584691.00 5397097.00 N48 43.268 W121 50.911
NM-CC7 584643.00 5397193.00 N48 43.321 W121 50.949
NM-TP1 584714.00 5396367.00 N48 42.875 W121 50.901
NM-TP2 584773.00 5396398.00 N48 42.891 W121 50.852
NM-TP3 584813.00 5396517.00 N48 42.955 W121 50.819
NM-TP4 584651.00 5396626.00 N48 43.015 W121 50.949
NM-TP5 584728.00 5396790.00 N48 43.103 W121 50.884
NM-TP6 584920.00 5396863.00 N48 43.141 W121 50.727
NM-LS1 593140.00 5387956.00 N48 38.263 W121 44.144
NM-LS2 594317.00 5387410.00 N48 37.959 W121 43.192
NM-LS3 594317.00 5387410.00 N48 37.959 W121 43.192
NM-LS4 594203.00 5387652.00 N48 38.090 W121 43.282
NM-LS6 593403.00 5387855.00 N48 38.207 W121 43.931
NM-SC1 595492.00 5390504.00 N48 39.617 W121 42.194
NM-SC2 594702.00 5390959.00 N48 39.870 W121 42.831
NM-SC3 594920.00 5390418.00 N48 39.576 W121 42.660
NM-SC4 597248.00 5391327.00 N48 40.045 W121 40.751
NM-SC5 594902.00 5390370.00 N48 39.550 W121 42.676
NM-SC6 594980.00 5390352.00 N48 39.540 W121 42.612
NM-SC7 597305.00 5391402.00 N48 40.085 W121 40.704
NM-SC8 596602.00 5392169.00 N48 40.505 W121 41.265
Locations are reported in the Universal Transverse Mercator (UTM) NAD 1983 coordinate system. 
